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Editorial on the Research Topic
The Role of Glycans in Infectious Disease

Virtually all eukaryotic and bacterial cells, as well as many enveloped viruses, display carbohydrates
of variable complexity associated to their macromolecules (e.g., glycoproteins, glycolipids), as well
as polysaccharides. The carbohydrate moieties of both soluble and cell-associated glycoconjugates
encode complex information that is “decoded” by specific carbohydrate-binding proteins. These
protein—carbohydrate interactions are ubiquitous and essential to all biological systems.

In metazoans, for example, recognition of endogenous (“self”) glycans, either soluble or
displayed on the cell surface, is critical not only for specific interactions between cells that facilitate
cell adhesion and migration, but as the initiator of a functional crosstalk that modulates cell
homeostatic balance, including the regulation of both innate and adaptive immune functions. In
contrast, recognition of exogenous (“non-self”) carbohydrates on the surface of viruses, microbes,
and parasites by the host’s glycan-binding proteins frequently constitutes the first step in the innate
immune response to infectious challenge.

As microbes, parasites and some viruses are also endowed of a diverse repertory of adhesins,
lectins, hemagglutinins, and other glycan-binding proteins that facilitate their adhesion and host
entry, the outcome of this interplay of reciprocal glycan recognition may result in either infectious
disease, a successful host immune response, or the establishment of a mutualistic association, such
as the commensal microbiota.

Volume 1 of “The Role of Glycans in Infectious Disease” Research Topic offers a series of high-
quality articles that share an ample view of glycan host-pathogen interactions involving bacterial,
fungal, parasitic, and viral infections, as well as the different approaches used to study them and to
develop diagnostic and therapeutic applications.

A wide number of glycoproteins across different bacterial species are involved in pathogenicity
and virulence. Tuberculosis, caused by infection with Mycobacterium tuberculosis (Mtb), is a
communicable disease that is a major cause of ill health and one of the leading causes of death
worldwide. Until the coronavirus (COVID-19) pandemic, tuberculosis was the leading cause of
death from a single infectious agent (World Health Organization, 2021a). It is known that Mtb
expresses a wide range of O-mannosylated proteins involved in the pathogenesis and immune
response to tuberculosis. In an original research article, Jia et al. highlight this role by using
Mycobacterium smegmatis as a study model, demonstrating that the mycobacterium protein
O-mannosyltransferase, that catalyzes the initial step of protein O-mannosylation, is required for
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growth and resistance to lysozyme and acidic stress, determining
survival within macrophages, as well as in modulating the host
innate immune responses.

Endogenous lectins such as galectins, a large family of
carbohydrate binding proteins with members in nearly every
lineage of multicellular life, are known to play important roles in
modulating host cell function, but also in the binding of non-self
glycans on the surface of potentially pathogenic microorganisms,
mediating recognition and effector functions in innate immunity
(Verkerke et al., 2022). In an original research article, Wu et al.
present data regarding the binding specificities of galectin-3 (Gal-
3), the first galectin shown to engage bacterial glycans, as well
as its C-terminal domain, indicating that differently from other
galectins, such as Gal-8, the C-terminal domain of Gal-3 is not
sufficient to kill bacteria, and that the N-terminal is required for
both high-affinity microbial glycan interactions and the ability to
kill microbes.

Antimicrobial resistance is a global threat to the very core of
modern medicine and the sustainability of an effective, global
public health response to the enduring threat from infectious
diseases (Regional Office for South-East Asia WHO, 2016). Since
bacterial glycosylation is different from human glycosylation,
these metabolic pathways constitute promising antibacterial
targets. In a timely review, Yakovlieva et al. describe the current
status and promise for the future of using bacterial glycosylation
to develop novel antibacterial strategies by focusing on unique
glycosylation systems in bacterial pathogens and their role
in bacterial homeostasis and infection, with an emphasis on
virulence factors and highlighting recent advances to inhibit the
enzymes involved in these glycosylation systems.

Fungal diseases have been continually neglected over the
years (Rodrigues and Nosanchuk, 2020) and understanding
the immune response to fungal infection is key in unraveling
their pathogenesis. The fungal cell wall is a robust and
dynamic structure that protects the cell from the changes in
the extracellular environment, but that also is the immediate
contact point with host cells, containing antigenic determinants,
glycoproteins involved in the adhesion to host tissues, and
most of the pathogen-associated molecular patterns that are
recognized by the host immune system. In an original
research article, Villalobos-Duno et al. share a comparative
study on the cell wall glycosylation of Sporothrix schenckii
and Sporothrix brasiliensis strains, the main causative agents
of sporotrichosis, a human subcutaneous mycosis. Important
differences regarding rhamnose-to-f-glucan ratio and structural
differences in rhamnomannan were observed and the authors
associated changes to the different virulence degrees of
the studied strains, interestingly expressing them through a
linear equation.

Infections caused by parasitic protozoans and helminths are
among the world’s leading causes of death, including malaria, one
of the leading global health burdens, estimated in 2020 to have
caused 241 million cases of malaria worldwide and an estimated
number of 627 000 deaths (World Health Organization, 2021b).
In a detailed review, Goerdeler et al. describe the role of glycans
and lectins in the pathogenesis and host defense mechanisms
of plasmodium parasites that cause malaria, explaining the

basics of the pathogen glycosylation pathways and the host
glycans that participate in the disease, sharing their perspectives
on intervention sites for malaria therapy, including vaccine
development and glycan-based drug targets. Also in an original
research article, Ricci-Azevedo et al. reveal a mechanism by
which Toxoplasma gondii lectin type microneme proteins inhibit
the host inflammatory response to favor its success in the early
stage of toxoplasmosis, a widely distributed parasitic zoonotic
infection of importance to public health and animal production
(de Barros et al., 2022). Chagas disease is a neglected tropical
disease caused by infection with the parasite Trypanosoma cruzi,
endemic to Latin America, but found in immigrant populations
worldwide (Alvarez-Hernandez et al., 2021). In a focused review,
Poncini et al. discuss the role of galectin-driven circuits in
modulating both T. cruzi infection and immunoregulation,
clearly articulating the decisive roles that galectins play during
the life cycle of T. cruzi.

The COVID-19 pandemic and the study of the pathogenic
mechanisms involving SARS-CoV-2 infection have highlighted
the importance of glycans as key participants in the interphase
of virus-host interactions. An interesting aspect shared in an
original research article by Breiman et al. shed light into the
potential protective role against COVID-19 infection of naturally
occurring antibodies against common glycan epitopes. COVID-
19 patients were found to present lower levels of anti-Tn
antibodies than controls, pointing to the potential protective
role of these antibodies. This finding contributes to the ongoing
and complex discussion regarding differences in susceptibility
amongst the human population and if boosting this natural
protection through anti-glycan antibody epitopes could be
considered a prophylactic therapy. Also, in an original research
article, Schwedler et al. report on the N-glycosylation of total
IgGl1, total IgG2, and anti-Spike IgGl isolated from plasma
of severe COVID-19 patients by means of MALDI-TOF-MS,
showing that anti-Spike IgG1 fucosylation and galactosylation
had the strongest variation during the disease course.

Another viral pathogen included in this Research Topic is
the Human Immunodeficiency Virus (HIV), well-known to use
glycans and host lectins at different stages of its life cycle. In a
focused review, Segura et al. discuss the pathogenic mechanisms
involving the interaction between HIV-1 envelope glycans and
their binding to L-selectin on CD4+ T lymphocytes to facilitate
viral adhesion and entry and the role of L-selectin shedding
in viral release, suggesting that the regulation of L-selectin is a
promising target for developing anti-HIV therapies.

A physiological perspective regarding the study of the glycan
host-pathogen interactions offers a better understanding of the
processes involving different types of cells and tissues that come
into place during infection. In a detailed mini-review, Argiieso
et al. describe the ocular glycocalyx barrier that occurs in the
interface between the ocular surface epithelia and the external
environment and its role in the pathogenesis of bacterial, viral,
fungal and parasitic infection. Also, in a dedicated review,
Jung and Kim describe the intestinal models for studying
normal and disease host-microbiome interactions and pathways,
including the current state of the art for in vitro cell-based
models of the small intestine system to replace animal models,
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including ex vivo, 2D culture, organoid, lab-on-a-chip, and 3D
culture models.

An important benefit of understanding the role of glycans
and glycan-binding proteins in host-pathogen interactions
is to develop novel diagnostic tools and therapeutics
that can positively impact prompt diagnosis and better
McKitrick et al. present a very interesting
perspective, reporting on a workshop organized jointly by
the National Institute of Allergy and Infectious Diseases
and the National Institute of Dental and Craniofacial
Research that addressed the use of emerging glycoscience
tools and resources to advance the investigation of
glycans and their roles in microbe-host interactions,
immune-mediated diseases, and immune cell recognition
and function.

Although most contributions involved human pathogens,
we had the opportunity to include an extensive review
by Villa-Rivera et al. that describes the beneficial plant-
microbe interactions and defense mechanisms established
by arabinogalactans and arabinogalactan proteins found in
the plant cell wall or plasma membrane, including the
interplay with pathogenic fungal and bacterial enzymes that

outcomes.
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Human serum contains large amounts of anti-carbohydrate antibodies, some of
which may recognize epitopes on viral glycans. Here, we tested the hypothesis that
such antibodies may confer protection against COVID-19 so that patients would be
preferentially found among people with low amounts of specific anti-carbohydrate
antibodies since individual repertoires vary considerably. After selecting glycan epitopes
commonly represented in the human anti-carbohydrate antibody repertoire that may
also be expressed on viral glycans, plasma levels of the corresponding antibodies
were determined by ELISA in 88 SARS-CoV-2 infected individuals, including 13
asymptomatic, and in 82 non-infected controls. We observed that anti-Tn antibodies
levels were significantly lower in patients as compared to non-infected individuals. This
was not observed for any of the other tested carbohydrate epitopes, including anti-
aGal antibodies used as a negative control since the epitope cannot be synthesized
by humans. Owing to structural homologies with blood groups A and B antigens, we
also observed that anti-Tn and anti-aGal antibodies levels were lower in blood group
A and B, respectively. Analyses of correlations between anti-Tn and the other anti-
carbohydrates tested revealed divergent patterns of correlations between patients and
controls, suggesting qualitative differences in addition to the quantitative difference.
Furthermore, anti-Tn levels correlated with anti-S protein levels in the patients’ group,
suggesting that anti-Tn might contribute to the development of the specific antiviral
response. Overall, this first analysis allows to hypothesize that natural anti-Tn antibodies
might be protective against COVID-19.
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INTRODUCTION

Viral envelope proteins, including those of the severe acute
respiratory syndrome coronavirus 2 SARS-CoV-2 are extensively
glycosylated (Watanabe et al, 2020). Since these glycans
are synthesized by the host cell enzymatic machinery, they
are part of the self and have little immunogenic potential.
Alongside other functions, the glycan shield masks the protein
surface from potential peptide specific antibodies (Bagdonaite
and Wandall, 2018). Glycosylation is therefore exploited by
enveloped viruses as a protection mechanism (Watanabe et al,,
2019). Yet, it might also constitute a Trojan horse. Indeed,
several carbohydrate antigenic epitopes may be present on viral
envelope glycoproteins. The aGal antigen is the most extensively
studied example of a carbohydrate epitope that can lead to
the elimination of viruses through natural antibodies (Galili,
2019). This carbohydrate antigen is expressed by many cell
types in most mammalian species, but is lacking in humans,
apes and old-world monkeys due to pseudogenization of the
GGTAI gene that encodes the galactosyltransferase required for
its synthesis. As a result, species unable to express the aGal
antigen produce natural anti-aGal antibodies in response to
bacteria of the microbiota that carry mimicking carbohydrate
structures. It has been established that several types of enveloped
viruses, including influenza virus, murine C retrovirus, porcine
endogenous retrovirus, lymphocytic choriomeningitis virus,
Newcastle disease virus, Sindbis virus, vesicular stomatitis virus,
measles virus, and paramyxovirus present the aGal antigen when
produced in cells that synthesize it (Galili, 2020). Anti-aGal
antibodies can directly neutralize these viruses or opsonize them
leading to complement-mediated destruction or to amplification
of the immune response by targeting antigen presenting cells.
It is thus believed that these xenogenic natural antibodies
contribute to protect our species from zoonotic transmission
of enveloped viruses (Galili, 2019). Likewise, enveloped viruses
can be decorated with allogeneic carbohydrate epitopes of the
ABO blood group type. Thus, measles viruses produced by cells
expressing either the A or B blood group antigens was neutralized
by the natural cognate antibodies in a complement-dependent
manner (Preece et al., 2002). Moreover, anti-A antibodies could
block the interaction between SARS-CoV S protein and its
cellular receptor, the angiotensin-converting enzyme ACE2,
when the viral protein was produced by cells expressing the A
blood group antigen (Guillon et al., 2008). This was consistent
with the expression of blood group antigens by respiratory tract
epithelial cells where the virus replicates and the lesser risk of
infection of blood group O individuals by SARS-CoV observed
in a Hong Kong hospital outbreak (Cheng et al., 2005). Indeed,
group O individuals possess anti-A and anti-B antibodies that
could have protected them from viral particles emitted by either
blood group A or B patients. Interestingly, a large number of
observations indicate that blood group O individuals have a lower
risk of COVID-19, whereas blood group A individuals appear
to be at a higher risk (Cheng et al., 2005; Abdollahi et al., 2020;
Ahmed et al.,, 2020; Aljanobi et al., 2020; Barnkob et al., 2020;
Chegni et al, 2020; Delanghe et al., 2020; Dzik et al., 2020;
Ellinghaus et al., 2020; Fan et al., 2020; Franchini et al., 2020;

Gallian et al., 2020; Goker et al., 2020; Hoiland et al., 2020; Latz
et al., 2020; Leaf et al.,, 2020; Li et al., 2020; Muniz-Diaz et al.,
2020; Niles et al., 2020; Padhi et al., 2020; Ray et al., 2020; Roberts
et al., 2020; Shelton et al., 2020; Sohlpour et al., 2020; Valenti
et al,, 2020; Wu et al,, 2020; Zeng et al., 2020; Zhang et al., 2020;
Zhao J. et al., 2020; Zietz et al., 2020). Only a few studies failed to
find any association between ABO types and COVID-19, likely
depending on study design (Boudin et al., 2020; Focosi et al.,
2020; Pairo-Castineira et al., 2020). Coherent with the notion
that natural anti-carbohydrate could have a protective effect, we
recently observed that COVID-19 patients present lower levels
of anti-A and/or anti-B blood group antibodies than controls
(Deleers et al., 2020).

In addition to anti-xenogenic or anti-allogenic antibodies
such as the anti-aGal, anti-A and anti-B antibodies, humans
possess a large repertoire of natural anti-carbohydrate antibodies
(New et al., 2016). Although most of them recognize bacterial
structures, some have the potential to recognize viral glycans.
Glycan structural analyses of the SARS-CoV-2 S protein
produced in HEK-293T cells or of the virus produced in
Vero cells have recently been described. They mainly include
N-glycans of the oligomannose, hybrid and complex types that
broadly cover the protein surface (Gao et al., 2020; Sanda et al,,
2020; Shajahan et al., 2020; Sun et al.,, 2020; Watanabe et al,,
2020). Yet, simple O-glycans have also been found either at the
junction between the N-terminal domain (NTD) and the receptor
binding domain (RBD) of the S1 domain or surrounding the furin
cleavage site of the S2 domain (Antonopoulos et al., 2020; Gao
et al., 2020; Sanda et al., 2020; Shajahan et al., 2020; Zhao P. et al.,
2020). Based on these data, we selected a set of carbohydrate
structures potentially present on virions produced by epithelial
cells and known to constitute major epitopes of the human
natural anti-carbohydrate repertoire (Huflejt et al., 2009; Stowell
et al.,, 2014; Schneider et al., 2015; Muthana and Gildersleeve,
2016; Purohit et al., 2018; Khasbiullina et al., 2019).

Regardless of their specificity, levels of natural anti-glycans
are highly variable between individuals (Tendulkar et al., 2017;
Luetscher et al., 2020). Thus, we reasoned that if some natural
anti-carbohydrate antibodies present an anti-viral activity, akin
to what has been shown for anti-aGal antibodies in xenogenic
situations (Galili, 2020), protection should not take place when
they are present at low levels. Accordingly, patients should
present lower levels of a protective anti-carbohydrate antibody
specificity. In this work we thus compared levels of the selected
anti-carbohydrate epitopes in the plasma of a group of COVID-
19 patients and of a group of uninfected controls in order to
reveal a potentially protective glycan epitope.

MATERIALS AND METHODS
Study Design and Patients

For this study, the recruited individuals represented a subset
from a study approved by the ethics committees of the
Centre Hospitalier Universitaire Brugmann (CHU Brugmann,
Bruxelles) and the Hopital Universitaire Des Enfants Reine
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Fabiola (HUDERE, Bruxelles) in Belgium (the number “CHUB-
BDS-Covid19 ClinicalTrials.gov: NCT04462627”). The study was
carried out in accordance with the principles of the Declaration
of Helsinki. The authors assume responsibility for the accuracy
and completeness of the data and analyses.

Briefly, the study carried out between 11 March 2020
and 16 June 2020 in Brussels, Belgium, at the Brugmann
University Hospital and the HUDERE, enabled the recruitment
of 290 patients with or without symptoms of COVID 19,
and with a positive RT-PCR test for SARS-CoV-2 on nasal
and pharyngeal swab specimens. A control group (n = 276)
included asymptomatic ambulatory patients or hospitalized
patients without COVID symptoms and a negative RT-PCR test
for SARS-CoV-2. For all these individuals, blood samples on
EDTA were obtained on which standard anti-A and/or anti-B
IgM agglutination scores were performed.

As shown on Table 1, to test our hypothesis about the
involvement of other natural carbohydrate antibodies other than
A and B in SARS-Cov-2 susceptibility, a random selection of 30
individuals from each of the patients and control groups A, B,
and O types was performed (total target number = 180). The
lack of left-over plasma from 10 selected individuals reduced our
study sample to 170.

Quantification of anti-SARS-CoV-2 antibodies (see method
below) on the plasmas of individuals in the control group (with
no apparent sign of COVID at the time of sampling and negative
RT-PCR) showed that seven control individuals had antibodies
indicating that they had been infected. For our analysis, these
individuals were thus repositioned according to their ABO blood
type in the patients’ group.

The patients group (88) was then subdivided into 2
subgroups: 75 COVID patients (RT-PCR positive and
symptomatic), and 13 asymptomatic patients (RT-PCR positive
or RT-PCR negative with positive serology resulting from the
reclassification of the control individuals).

Quantification of Natural
Anti-carbohydrate Antibodies

Anti-carbohydrate antibodies were assessed with the enzyme-
linked immunosorbent assay (ELISA). ELISA plates (Maxisorp,
Nunc, Thermo Fisher Scientific, Roskilde, Denmark) were coated
with synthetic sugars (structures shown on Figure 1) conjugated

to polyacrylamide (PAA neoglycoconjugates) at 5 ug/mL in 0.1 M
Carbonate buffer pH 9.0 overnight at 4°C. The plates were
washed three times with phosphate-buffered saline (PBS)—0.05%
Tween 20 (PBS-T), and unbound sites were blocked with PBS-
5% bovine serum albumin (BSA) for 2 h at 37°C. After three
additional washes with PBS-T, plasma samples (EDTA) from
patients with Covid-19 or controls were added to the plate at
a 1:30 dilution in PBS-1% BSA for 1 h at 37°C, except in
the case of anti-aGal where plasma samples were diluted 1:50.
Optimal dilutions had been chosen based on preliminary analyses
performed using plasma samples from healthy blood donors. The
plates were then washed 3 times with PBS-T and Donkey anti-
human IgG (H + L)-conjugated horseradish peroxidase (Jackson
ImmunoResearch Laboratories Inc., Ely, United Kingdom) was
added at a 1:5000 dilution in PBS-1% BSA for 1 h at 37°C. This
secondary antibody recognizes all classes of immunoglobulins,
including IgM, IgG and IgA. Finally, after three last washes with
PBS-T and one with plain PBS, revelation was performed with
50 pL/well of 3,3',5,5'-Tetramethylbenzidine (Sigma Aldrich, St
Louis, MO, United States) and the reaction was stopped with
50 pL/well of 1 M Phosphorous acid. Optical densities were read
twice at 450 nm with a SPECTROstar Nano spectrophotometer
(BMG Labtech, Champigny-sur-Marne, France).

Flow Cytometry Quantification of

Anti-SARS-CoV-2 Antibodies

The S-flow assay described by Grzelak et al. (2020) was used
to detect anti-S viral protein in both controls and patients
plasma samples. Briefly, detached HEK-293T cells (5 x 10°)
stably expressing the S protein following transfection of a codon-
optimized SARS-CoV-2 S gene were incubated for 30 min at
4°C with 50 uL of plasma samples at a 1/300 dilution in PBS
containing 2 mM EDTA and 0.5% BSA. Untransfected HEK-
293T cells used as negative controls were treated similarly.
Following washings with PBS, cells were then incubated 30 min
at 4°C with 35 pL of anti-Hu IgG (H + L) AlexaFluor 647
antibody (A21445, Invitrogen) diluted 1:600 in Staining Buffer.
After washings in PBS, cells were fixed with PFA 2% (15714,
Electron Microscopy Sciences, Hatfield, PA, United States),
15 min at room temperature, washed in PBS and analyzed
by Flow cytometry, on a FACS Canto cytometer. Results were
normalized according the formula: % of positive cells = 100 x [(%

TABLE 1 | Constitution of the controls and cases groups.

Controls Cases
A B o Total A B o Total Total
controls cases samples
Complete study 108 52 116 276 126 48 116 290 566
Sub-study randomization 30 30 30 90 30 30 30 90 180
Tested samples 30 30 29 89 29 22 30 81 170
Actual sub study? 28 28 26 82 31 24 33 88° 170
(—2) (-2) (=3) 29+ 2) (22+2) B0+ 3)

aSeven controls were reclassified as cases because of anti-SARS-CoV-2 seropositivity.

bAmong cases, 75 were symptomatic and 13 were asymptomatic.
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FIGURE 1 | Structures of the selected glycan motifs. The Tn, T or core 1 and core 3 motifs correspond to short O-glycans in alpha linkage to either serine or
threonine of the peptide chain. The Le® (Lewis c), GIcNAcLac and aGal epitopes can be present either on N- and O-linked glycans of glycoproteins, or on
glycolipids, whilst the Gb3 trisaccharide (globotrihexosyl), also called Pk antigen, is only known on glycosphingolipids. The GlcNAcLac, Gb3 and aGal motifs contain
either a lactose or an N-acetyllactosamine inner core (Lac and LacNAc, respectively, in gray). Yellow squares = GalNAc (N-acetylgalactosamine), yellow circles = Gal
(galactose), blue squares = GIcNAc (N-acetylglucosamine), blue circles = Glc (glucose). Linkages are indicated as a or B anomers on either position 3 or 4 of the

subjacent monosaccharide unit.

a R
R3 R3

R4

in 293T-S)—(% in 293T-CTRL)/100—(% in 293T-CTRL)]. The
cut-off for positivity was fixed at 30%.

Specificity Assay for the Anti-Tn

NAM217-2A9 by ELISA

Maxisorp ELISA plates were coated with PAA-conjugated glycans
at 10 pg/ml, human salivary mucins at 1:1000 dilution or
bovine submaxillary mucins (Sigma) at 5 pg/ml in PBS at 4°C
overnight. The sialyl-Tn-rich bovine mucins had been chemically
de-sialylated by incubation in 2M H,SO4 for 30 min at 80°C
followed by neutralization with NaOH. After three washes with
PBS-0,05% Tween20 (PBS-T), the wells were blocked with PBS-
5% BSA for 2 h at 37°C and washed another three times with
PBS-T. Three-fold serial dilutions (1:50 to 1:1350) of mouse
anti-Tn NAM217-2A9 in PBS-1%BSA were then loaded onto
the plate and incubated for 1 h at 37°C. Washes, incubation
with anti-mouse-HRP (Uptima, Interchim, Montlugon, France;
1:1000), revelation and OD measurement were then performed
as described above.

Flow Cytometry Detection of the Tn Antigen

Vero green monkey kidney cells and HEK293T human
embryonic kidney cells were detached using trypsin or PBS-
EDTA, respectively, and resuspended in PBS-0.1% BSA. Jurkat
cells were cultivated in suspension. 250.000 cells were stained
with anti-Tn monoclonal mouse antibodies for 30-60 min
at 4°C followed by anti-mouse-FITC 1:200. Analysis was
performed on a Celesta flow cytometer using the DIVA software
(BD Biosciences).

Immunohistological Analysis of the Expression of the
Tn Antigen in the Respiratory Tract

The ethanol-fixed human tissue sections, collected and stored
before the French law 88-138 of the 20th of December 1988 on
tissue resection for scientific investigation, were obtained from

the Nantes University Hospital Center for Biological Resources'
(approval DC-2011-1399).

Immunohistochemistry was performed as described elsewhere
(Lopes et al., 2018). Briefly, the slides were deparaffinized and
blocked for endogenous peroxidase activity and non-specific
protein binding and incubated with the IgM mouse monoclonal
antibodies against Tn NaM217-2A9 that was raised against
human Tn erythrocytes (Duk et al., 2001) overnight at 4°C. The
slides were then successively incubated with HRP-conjugated
anti-mouse IgG (H + L) (Uptima; Interchim, Montlugon,
France) and AEC substrate (Vector Laboratories, Burlingame,
CA, United States) with three PBS washes in-between and
conterstained with hematoxylin (Vector Laboratories) before
mounting and imaging with a Nanozoomer slide-scanner using
a x20 objective (Hamamatsu Photonics, Massy, France).

STATISTICAL ANALYSES

Analyses were performed using GraphPad Prism 8. Between
groups differences were calculated using two-tailed Mann-
Whitney test and correlation were assessed using Pearson
correlation coefficient. To account for multiple testing, Holm
correction was applied were necessary. P < 0.05 was considered
significant.

RESULTS

Low Levels of Natural Anti-Tn Are
Associated With COVID-19 Status

In order to select carbohydrate epitopes that may be present on
SARS-CoV-2 and correspond to epitopes of the human natural

'http://relib.fr
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anti-carbohydrate repertoire, we first examined published glycan
microarray data that describe this repertoire (Huflejt et al.,
2009; Stowell et al., 2014; Schneider et al., 2015; Muthana and
Gildersleeve, 2016; Purohit et al., 2018; Khasbiullina et al., 2019).
We looked for epitopes that could both be present on SARS-CoV-
2 and give strong IgM and IgG signals with the serum of many
healthy donors. The analysis revealed six potentially interesting
epitopes, the short O-glycans Tn, T and core 3 as well as the Le®
and GlcNAcLac motifs of either complex O-glycans or N-glycans
that can be synthesized by upper respiratory tract cells (Figure 1).
In addition, we selected the Gb3 trisaccharide which corresponds
to a widely distributed glycolipid highly reactive with healthy
human serum natural antibodies (Volynsky et al., 2017).
Individual levels of the selected natural anti-carbohydrate
antibodies were then tested in a group of COVID-19 patients
and compared to those in a group of controls of similar size.
Since some of the tested antigens show similarity with either the
A or B blood group antigens, the patients and controls groups
were constituted so as to comprise nearly even numbers of A,
B and O phenotypes. The aGal antigen was used as a control
since it is not expressed in humans. We therefore anticipated
that anti-aGal antibodies do not play any direct role in COVID-
19 infection. Considering the structural relationship with the
A blood group antigen, levels of anti-Tn were expected to be
lower in blood group A individuals in comparison with blood
group O and B and this was verified both for the control and
COVID-19 groups (Figure 2). Interestingly, anti-Tn levels were
significantly lower in COVID-19 patients as compared with
controls since patients’ values were mainly distributed in the low
range (p = 0.003). A similar, albeit less prominent effect was also
visible when comparing SARS-CoV-2 infected individuals and
controls (p = 0.012). Yet, no difference between controls and

the subgroup of asymptomatic infected individuals was visible.
It should be stressed, however, that the latter comprises 13
individuals only. The anti-aGal antibodies revealed a distinct
picture. They appeared at lower levels in blood group B than
in blood groups A and O individuals, both in the controls
and SARS-CoV-2 infected groups. This was expected since the
aGal epitope is closely related to blood group B. Yet, there was
no difference related to the SARS-CoV-2 infectious status or
COVID-19 status. Analyzing anti-T, anti-core-3, anti-Le¢, anti-
GlcNAcLac and anti-Gb3 revealed either no or only marginal
between-group differences that vanished when using a threshold
of significance lower than 0.02 (Figure 3). Thus, anti-Tn levels
appear to be specifically low in COVID-19 patients.

Recently published data indicated that natural anti-glycan
antibodies, including anti-Tn show cross-reactivity with a variety
of other carbohydrate structures (Bovin et al., 2012; Dobrochaeva
et al,, 2020). Based on the premises that specific antibodies may
cross-react with closely related structures, whilst less specific
antibodies would cross-react more broadly, to get a more
qualitative comparison of the natural antibodies from COVID-19
patients and controls, we performed correlation analyses of anti-
Tn with the other tested anti-carbohydrates in both groups. In
controls, strong correlations were found between anti-Tn levels
and anti-T, anti-core 3 and anti-Le‘ levels. A weaker correlation
was additionally found with anti-GlcNAcLac. By contrast, in
patients, anti-Tn strongly correlated with anti-GlcNAcLac and
Gb3 only (Figure 4 and Table 2). These divergent relationships
between levels of anti-Tn and those of the other anti-glycans in
patients and controls indicate differences in natural antibodies
repertoires between the two groups. Thus, not only do patients
have lower levels of anti-Tn antibodies than controls, but these
antibodies also appear qualitatively distinct.

OD 450nm

FIGURE 2 | Relationships between the anti-Tn and anti-aGal levels, ABO phenotypes and infection status. Antibodies levels are shown as OD450 nm values at 1: 30
and 1: 50 plasma dilutions, respectively. Infected patients are defined as SARS-CoV-2 +, regardless of their clinical status or subdivided as asymptomatic and
symptomatic COVID-19 +. Controls presented no sign of disease, were RT-PCR negative and anti-S negative. Violin plots show median values and quartiles
(horizontal bars) for each group. P-values from Mann-Whitney between-groups comparisons are indicated: *p < 0.05, “*p < 0.01, ***p < 0.0001.
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status or subdivided as asymptomatic and symptomatic COVID-19 +. Controls presented no sign of disease, were RT-PCR negative and anti-S negative. Plots show
median values and quartiles (horizontal bars). P-values from Mann-Whitney between-groups comparisons are indicated: “o < 0.05.
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TABLE 2 | Correlations between levels of anti-Tn and levels of the other assayed natural anti-carbohydrates.

Anti-T Anti-core 3 Anti-Le® Anti- Anti-Gb3 Anti-oGal
GlcNAcLac
Controls 0.38 0.34 0.36 0.29 —0.06 0.09
N =82 (0.0002) (0.0013) (0.0006) (0.0067) (0.5514) (0.3826)
Patients 0.16 0.16 0.24 0.58 0.35 0.18
N =88 (0.1666) (0.1644) (0.0303) (0.00001) (0.0013) (0.1032)

Correlations were assessed using Spearman r and non-corrected for multiple testing two-tailed p values in parentheses are shown both for controls and patients. R values

above 0.3 are boxed in red.

Correlation Between Anti-Tn and
Anti-SARS-CoV-2 S Protein

Having observed that anti-Tn levels were lower in patients
than in controls, we wondered if their levels within patients
might have a relationship with the development of the specific
anti-viral immune response. Anti-S protein antibodies were
quantified using the previously described S-flow assay that
shows high correlation with the neutralization assay (Grzelak
et al, 2020). Anti-S antibodies were found in 45 out of 75
symptomatic patients, a rather low percentage (60%), likely
resulting from the early sampling at the time of diagnosis of
some patients. Interestingly, anti-S antibodies levels correlated
with those of anti-Tn, unlike anti-aGal (Figures 5A,B) and
the remaining tested anti-carbohydrates (not shown). Consistent
with the lower levels of anti-Tn in blood group A individuals, it
appeared that anti-S antibodies were also lower in blood group
A individuals as compared to blood group O and blood group B
patients (Figure 5C).

Expression of the Tn Epitope in the
Respiratory Tract

The Tn antigen has been detected on SARS-CoV-2 S protein
produced in HEK-293T cells (Gao et al., 2020; Sanda et al,
2020; Shajahan et al.,, 2020). Their O-glycosylation capability
unlikely represents that of epithelial cells of the respiratory
tract which are the main viral target cells contributing to

transmission. Respiratory as well as digestive epithelial cells
produce large amounts of O-glycans and express a broad
set of the polypeptide GalNAc transferases that add the first
N-acetylgalatosamine unit to the peptide chain constituting
the Tn epitope (Bennett et al, 2012). In normal tissues, the
Tn antigen is masked by elongation of O-glycan chains and
it is known to be over-expressed in carcinoma (Rodrigues
et al.,, 2018). Nonetheless, in order to determine if indeed the
Tn antigen could be produced by respiratory epithelial cells,
we tested its expression by immunohistochemistry on fixed
tracheal and lung tissue from three individuals of the A, B
and O blood types, respectively. First, the anti-Tn specificity
was validated by ELISA on PAA neoglycoconjugates and on
mucins presenting high levels of either the Tn epitope or A, B
and H blood group antigens. We observed a specific binding
to the Tn-PAA conjugate and to Tn-rich desialylated bovine
submaxillary mucin, but not to other conjugates or to human
salivary mucin, although a small reactivity was detected on blood
group A containing mucin or neoglycoconjugate (Figure 6A). In
addition, the antibody had previously been shown to recognize
glycophorins from Tn erythrocytes, as well as ovine submaxillary
mucin (OSM) (Duk et al., 2001). Thus, the anti-Tn that we
used recognizes the Tn antigen independently of the underlying
peptide while showing only little cross-reactivity with related
structures such as blood group A antigen. Flow cytometry
experiments additionally showed that the anti-Tn strongly bound
to Jurkat cells known to strongly express the Tn epitope due
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comparisons are indicated: *p < 0.05, **p < 0.001.

to a genetic defect that impairs O-glycans elongation. In the
same conditions, HEK-293T cells and Vero cells were not
recognized by the antibody (Figure 6B). When tested on tissue
sections, the antibody revealed a strong intracellular binding
to the tracheal and bronchial epithelia, but not to any other
cell type in the respiratory tract, regardless of the donor ABO
phenotype (Figure 6C).

DISCUSSION

Here we tested the possibility that in addition to anti-A and anti-
B blood group antibodies, natural anti-carbohydrate antibodies
could play a protective role against SARS-CoV-2 infection.
Consistent with the initial hypothesis, we observed that COVID-
19 patients presented lower levels of anti-Tn antibodies than
controls, whilst none of the other tested anti-carbohydrates
showed significant differences in levels between the two groups.
Tn antigen is constituted by a single N-acetylgalactosamine
linked to either a serine or a threonine residue. It constitutes
the basis of all mucin-type O-glycans to which additional
monosaccharide units are generally added. It is therefore not
normally detected at the cell surface and is considered a
tumor marker in several types of carcinoma where elongation
of O-glycosylation is impaired (Rodrigues et al., 2018). It is
also considered a blood group isoantigen since there exist rare
individuals who express the Tn antigen on their erythrocytes
due to a genetic defect in the O-glycosylation elongation
pathway and since natural anti-Tn antibodies agglutinate
these rare erythrocytes, causing a so-called polyagglutinability
(Dahr et al., 1975).

The SARS-CoV-2 S protein possesses several documented
O-glycosylation sites located at the hinge between the RBD
and NTD domains and surrounding the furin cleavage site
(Antonopoulos et al., 2020; Gao et al,, 2020; Sanda et al,
2020; Shajahan et al., 2020; Zhao P. et al., 2020). Blocking
of O-glycosylation resulted in partial inhibition of SARS-CoV-
2 cell entry in vitro, indicating the functional importance of

O-glycans in the infection process (Yang et al., 2020). Epithelial
cells of the upper respiratory tract, nasopharynx, trachea and
large bronchi, appear to be the main producers of virions
involved in inter-individual transmission (Wolfel et al., 2020).
In accordance with the notion that epithelial cells synthesize
large amounts of O-glycans, we observed that these cells in the
respiratory epithelia present intracellular Tn epitopes, unlike
the remaining cell types present in these tissues. Initiation
of GalNAc-type O-glycosylation is performed by polypeptide
N-acetylgalatosaminyltransferases (GalNAc-Ts) (Bennett et al.,
2012). Twenty isoforms of GalNAc-Ts are known that show
both overlapping and non-redundant specific functions to
orchestrate the patterns of O-glycans on proteins. Inspection
of the Human Protein Atlas® indicates that epithelial cells of
the nasopharynx and of bronchi express strong to moderate
amounts of at least 11 of these enzymes. This confirmed the
strong potential for epithelial cells of the nasopharynx, trachea
and bronchi to produce O-glycosylated glycoproteins. At present,
only small amounts of O-glycans, including the Tn epitope,
have been detected on SARS-CoV-2 recombinant S protein
produced in HEK-293 cells, indicating that the major viral
envelope protein can be O-glycosylated. Rapidly replicating
viruses being expected to carry a large fraction of immature
glycan structures, it is thus plausible that authentic infectious
SARS-CoV-2 carries Tn epitopes.

Confirmation will await the complete structural
characterization of native expectorated virions. In addition,
it will be necessary in future experiments to show that purified
natural anti-Tn antibodies can bind to native virions.

Since blood group A antigen is characterized by a terminal
N-acetylgalactosamine in alpha linkage, it was expected that
the levels of anti-Tn antibodies would be lower in blood
group A individuals owing to the structural homology between
the two epitopes. Likewise, due to the homology between
blood group B and the aGal antigen, it was expected that
blood group B individuals should show lower anti-aGal
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levels. These associations with ABO phenotypes were indeed
observed for the Tn and aGal antigens, respectively, but
not for any of the other tested carbohydrate epitopes, which
validated the method of quantification that we used. Regarding
analyses of correlations with COVID-19 status, only the anti-
Tn antigen showed significant lower amounts in patients
in comparison with the control group, indicating that the
effect did not stem from a general decrease of natural anti-
carbohydrate in patients following infection. Thus, the data
suggest that patients had lower anti-Tn prior to being infected.
However, at this stage we cannot eliminate other potential
causes that might contribute to the difference in anti-Tn
levels between patients and controls. Besides the quantitative
difference, there was a qualitative difference between patients
and controls anti-Tn antibodies. The qualitative difference
was indirectly observed through analysis of correlations with
the other carbohydrate epitopes, revealing an absence of

correlation with Tn-related motifs for patients, unlike for
controls. A previous study performed using purified anti-
Tn antibodies from pooled plasma samples revealed cross-
reactivities with several related oligosaccharides or unrelated
polysaccharides, indicating a rather broad polyreactivity (Bovin
et al., 2012; Dobrochaeva et al., 2020). It is possible that the
divergent patterns of correlation with other anti-carbohydrates
between patients and control groups reflect distinct cross-
reactivities of the anti-Tn. Alternatively, the observed divergent
correlations between patients and controls for several anti-
carbohydrates could reflect divergent immunogens composition
from the microbiota. Direct evidence for this could be
obtained by a specificity analysis following purification of
patients and controls anti-Tn antibodies in future studies.
In addition, it will be important to distinguish between
different immunoglobulin subclasses, which was not done in this
preliminary study.
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Levels of natural anti-carbohydrate antibodies may decrease
with aging (Muthana and Gildersleeve, 2016). Since patients
and controls groups were not matched for age, the lower
anti-Tn observed in patients may have originated from the
higher mean age of patients (68 years) compared to that
of controls (42 years). Again, this seems unlikely since the
same effect should have been observed for the other anti-
carbohydrates that were tested. In addition, within the patients’
cohort there was a relationship between the levels of anti-
Tn, but not of the other tested anti-carbohydrate antibodies,
and those of anti-S viral protein. Although the underlying
reason for this correlation remains unknown, it is noteworthy
that similar to anti-Tn antibodies, the anti-S antibodies were
lower in blood group A patients, suggesting that anti-Tn may
have contributed to the development of the specific anti-viral
response, akin to what has previously been observed for the
anti-aGal antibodies in models of xenogenic viral infections
(Galili, 2020).

It is now rather well documented through a large set of
studies that blood group A individuals are at a higher risk of
COVID-19 than individuals of blood group O, whilst blood
group B seldom shows significant odd ratios relative to the other
blood groups (Aktimur et al., 2020; Barnkob et al., 2020; Chegni
et al., 2020; Ellinghaus et al, 2020; Goker et al, 2020; Latz
et al., 2020; Leaf et al.,, 2020; Li et al., 2020; Muniz-Diaz et al.,
2020; Shelton et al., 2020; Sohlpour et al., 2020; Valenti et al.,
2020; Wu et al,, 2020; Zeng et al., 2020; Zhang et al., 2020;
Zhao J. et al., 2020; Zietz et al., 2020). We recently observed
that anti-A and anti-B agglutinating natural antibodies were
significantly lower in COVID-19 patients compared with controls
(Deleers et al., 2020). Together with the present observations
on anti-Tn antibodies, this may explain the ABO effect on
COVID-19 epidemiology. Indeed, blood group O individuals,
possess natural anti-A, anti-B and anti-Tn antibodies, B blood
group individuals possess anti-A and anti-Tn antibodies, but
blood group A individuals possess anti-B and low levels of anti-
Tn only. The degree of protection conferred by these natural
anti-carbohydrates would thus be minimal for blood group
AB individuals who should possess only low levels of anti-Tn,
followed by blood group A, then blood group B and finally
by blood group O individuals who could benefit from all three
types of antibodies. The anti-Tn antibodies could be particularly
important as they could provide protection regardless of the
ABO type of the virus transmitters, unlike anti-A and anti-B
that may only protect during transmission events in an ABO
incompatible situation.

In conclusion, in a first exploratory study, we observed that
natural anti-Tn antibodies differ between COVID-19 patients
and controls both quantitatively and qualitatively and that
their levels are lower in blood group A individuals and
associated with the levels of anti-S protein. These results
suggest that natural anti-carbohydrate antibodies that target
O-glycans may confer some protection against COVID-19.
Nonetheless, it should be stressed that our study is preliminary

and requires validation by further studies including age and
gender matching of patients and controls, as well as in vitro
experiments aimed at characterizing the mechanisms whereby
anti-Tn antibodies could be protective. If validated, it would
indicate that a significant fraction of the population with
sufficient natural anti-Tn antibodies could benefit from a natural
immunity conferred by these antibodies against COVID-19 and
it would offer a prophylactic perspective by boosting the anti-Tn
titers in everyone.
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The protozoan parasite Toxoplasma gondii modulates host cell responses to favor its
success in the early stage of infections by secreting proteins from its apical organelles.
Some of these proteins, including microneme proteins (MICs) 1 and 4, trigger pro-
inflammatory host cell responses. The lectins MIC1 and MIC4 interact with N-linked
glycans on TLR2 and TLR4, activating NF-xB and producing IL-12, TNF-a, and IL-6.
Interestingly, MIC1 and MIC4 also trigger secretion of the anti-inflammatory cytokine IL-10
through mechanisms as yet unknown. Herein, we show that the ability of these MICs to
induce macrophages to produce IL-10 depends on TLR4 internalization from the cell
surface. Macrophages subjected to blockade of endocytosis by Dynasore continued to
release TNF-a, but failed to produce IL-10, in response to MIC1 or MIC4 exposure.
Similarly, IL-10 was not produced by Dynasore-conditioned T. gondii-infected
macrophages. Furthermore, MIC1- or MIC4-stimulated macrophages gained transient
tolerance to LPS. We report a previously undiscovered mechanism by which well-defined
T. gondii components inhibit a host inflammatory response.

Keywords: Toxoplasma gondii, MIC1, MIC4, TLR4 (Toll-like receptor 4), Dynasore, endocytosis, IL-10
(Interleukin 10)

INTRODUCTION

Toxoplasma gondii is a protozoan obligate intracellular parasite of the phylum Apicomplexa, that
causes toxoplasmosis. T. gondii infects a range of warm-blooded animals, including humans (1).
From the estimated 1/3 of the world’s population chronically infected with T. gondii, most of them
are clinically asymptomatic. There are relevant exceptions. Reactivation of latent disease in
immunocompromised patients frequently causes life-threatening encephalitis, and acute infection
acquired during pregnancy can be fatal to the fetus (2-4). T. gondii invades host cells via several
mechanisms (5, 6), including recognition of carbohydrates on a host cell surface (7, 8). The host cell
response to contact with the parasite plays a crucial role in deciding infection outcome (9).
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Studies of T. gondii components capable of inducing cytokine
production by innate immune cells have made progress in recent
years. Most reports have focused on the role of profilin in
activating TLR11 (10) and TLR12 (11). This activation results
in release of the pro-inflammatory cytokine IL-12 (12). The
ability to induce IL-12 secretion via TLR activation has been
attributed to other T. gondii components, including
glycosylphosphatidylinositol (GPI) anchors (13) and heat
shock protein 70 (TgHSP70) (14). Granule dense proteins
(GRA) 24 account for cytokine release by macrophages, which
occurs through a TLR-independent pathway (15, 16). Finally,
our laboratory has shown that the complex LAC+, containing the
microneme proteins (MICs) 1, 4, and 6 from T. gondii induce
cytokine release by innate immune cells (17, 18), which was later
confirmed to be happening due to the interaction of MICI and
MIC4 with both TLR2 and TLR4 (19, 20).

We and others have previously reported that MIC1 and MIC4
possess lectin domains (17, 21, 22) that recognize
oligosaccharides with terminal o (2, 3)-sialyl residues linked to
B-galactosides (MIC1) (17, 19) or terminal f(1-4)- or B(1-3)-
galactose (MIC4) (19, 23). These carbohydrate recognition
domains (CRDs) account for the interaction of MICs with
glycans that are N-linked to receptors, such as TLR2 and
TLR4, on innate immune cells (24). The interactions of
isolated MIC1 or MIC4 with TLR2 are sufficient to trigger pro-
inflammatory cytokine production. This response is optimized in
the presence of the co-receptor CD14, or upon TLR2
heterodimerization with TLR1 or TLR6 (20). Remarkably,
MIC1 and MIC4 also induce production of the anti-
inflammatory cytokine IL-10 in addition to release of pro-
inflammatory cytokines, including IL-12, IL-6, and TNF-o. (19).

Following T. gondii infection, the IL-12 produced by
mononuclear phagocytes stimulates release of IFN-y by NK
and CD4+ T cells, driving the host immune response toward a
Thl axis (12, 25, 26). Although beneficial, an exaggerated Thl
response intensifies inflammation, potentiating tissue injury
unless increased IL-10 release regulates this response (27, 28).
The key role of IL-10 in T. gondii infection was demonstrated by
inoculating an avirulent parasite strain in IL-10 knock-out (KO)
mice, which yielded 100% mortality within the first two weeks,
although the level of parasite proliferation was similar to that
detected in WT mice, which survived the infection. Compared to
controls, IL-10 KO mice had four- to six-fold higher serum levels
of IL-12 and IFN-v, and their death was attributed to enhanced
liver pathology, consisting of intense inflammatory cell
infiltration and necrosis (29).

Some mechanisms by which MIC1 and MIC4 prime innate
immune cells have been elucidated, including structural
requirements and signaling cascades underlying TLR2
activation (20), but many details of cell-priming remain
unknown. This study characterizes TLR4 dependent IL-10
production by MIC1- or MIC4-stimulated macrophages.
MIC1/TLR4 or MIC4/TLR4 complex formation on the cell
surface is sufficient to stimulate inflammatory cytokines.
However, these complexes must undergo endosomal
internalization to induce production of the anti-inflammatory

cytokine IL-10, which can reproducibly confer cell tolerance to a
subsequent inflammatory stimulus in T. gondii-infected
macrophages. We provide the first report of a mechanism
underlying production of anti-inflammatory cytokines in
response to T. gondii proteins.

MATERIALS AND METHODS

Animals and Ethics

All experiments were performed in accordance with the ethical
principles in animal research described by the Brazilian Society
of Laboratory Animal Science, and were approved by the Ethics
Committee on Animal Experimentation and Research of the
Ribeirao Preto Medical School (FMRP), University of Sao Paulo
(USP) (protocol number 191/2017). C57BL/6 mice, Wild type
(WT) or genetically lacking CD14 (CD14-/-), TLR2 (TLR2-/-),
or TLR4 (TLR4-/-) genes, 8 to 12 weeks old, were obtained from
the Central Animal Facility of the University of Sdo Paulo in
Ribeirdo Preto and housed in the bioterium of the Department of
Cellular and Molecular Biology — FMRP.

MIC1 and MIC4 Recombinant Proteins

The procedures for obtaining highly purified and endotoxin-free
recombinant lectins were made accordingly to the protocol
previously published by us (30). Briefly, for the recombinant
proteins expression, micl and mic4 sequences were amplified
from cDNA of the T. gondii strain ME49 with a 6—histidine-
tagged added on the N-terminal, cloned into pDEST17 vector
(Gateway Cloning, Thermo Fisher Scientific, Grand Island, NY)
under T7 promoter inducible by isopropyl-B-D-1-
thiogalactopyranoside (IPTG) (Sigma Aldrich, St. Louis, MO).
The MIC1 and MIC4 were then purified from inclusion bodies
and refolded by gradient dialysis. The concentrations of
recombinant proteins were determined by bicinchoninic acid
assay (BCA) (Pierce, Thermo Fisher Scientific Inc.) and stored at
-20°C. Endotoxin was removed by passing through polymyxin-B
columns (Affi-Prep Polymyxin Resin; Bio-Rad, Hercules, CA) and
any residual concentration were measured in all protein samples
for quality control, using the Limulus Amebocyte Lysate Kit-QCL-
1000 (Lonza, Basel). MIC1 and MIC4 were only used when the
concentration of endotoxin was less than 3 UE/ug. Additionally,
prior their use to all in vitro assays aliquots of the recombinant
proteins were incubated with 50 pg/mL polymyxin B sulfate salt
(Sigma-Aldrich) for 30 min at 37°C to neutralize any residual
endotoxin. Biotinylation of MIC1 and MIC4 with Sulfo-NHS-LC-
biotin (Pierce, Thermo Fisher Inc.) was performed according to the
manufacturer’s recommendations Kkit.

Toxoplasma gondii Culture

Toxoplasma gondii was cultured as previously described (31).
Briefly, type I RH strain parasites were maintained on human
foreskin fibroblast (HFF-1) monolayers, grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% (vol/vol) fetal bovine serum (FBS), 0.25 mM gentamicin,
10 U/mL penicillin, and 10 pg/mL streptomycin (Gibco, Thermo
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Fisher Scientific Inc.). For in vitro infections, parasites were
recovered from HFF monolayers as previously described (19).
In brief, cells were centrifuged for 5 min at 50 x g to remove HFF
cell debris. Supernatant containing parasites was transferred to a
new tube and centrifuged for 10 min at 1,000 x g. The pellet was
resuspended in RPMI-1640 medium (Gibco,Thermo Fisher
Scientific Inc.) for parasite counting.

Macrophage Culture

WT, CD147", TLR2"", and TLR4’ bone marrow derived
macrophages (BMDMs) were obtained as previously described
(32). Briefly, bone marrow cells were cultured for 7-9 days in
RPMI 20/30, which consists of RPMI-1640 medium (Gibco,
Thermo Fisher Scientific Inc.), supplemented with 20% (vol/
vol) FBS and 30% (vol/vol) L-Cell Conditioned Media (LCCM)
as a source of macrophage colony-stimulating factor (M-CSF) on
non-treated Petri dishes (Optilux - Costar, Corning Inc. Corning,
NY). Twenty-four hours before experiments, BMDM
monolayers were detached using cold phosphate-buffered
saline (PBS) (Hyclone, GE Healthcare Inc. South Logan, UT)
and cultured, as specified, in RPMI-1640 (Gibco,Thermo Fisher
Scientific Inc.) supplemented with 10% (vol/vol) FBS, 10 U/mL
penicillin, and 10 pug/mL streptomycin, (2 mM) L-glutamine, (25
mM) HEPES, pH 7.2 (Gibco,Thermo Fisher Scientific Inc.) at
37°C in 5% CO2 for the indicated periods.

Macrophage Endocytosis Blockage

With Dynasore

For endocytosis blockage using dynasore, 5 x 10> BMDM:s (500 WL/
well — 24 well plates) were washed with serum-free RPMI-1640
(Gibco,Thermo Fisher Scientific Inc.) and incubated for 1 hour.
Then cells were cooled to 17°C and pretreated with Dynasore (80
UM, Sigma-Aldrich) for 30 minutes in serum-free RPMI-1640.
Then cells were stimulated or infected as described below. The
BMDMs were incubated at 37°C in 5% CO, and, for 24 hours
incubation, 40 UM of Dynasore was added to each 9 h of
incubation period.

Macrophage Stimulation and In Vitro

T. gondii Infection

BMDMs were pre-treated or not with Dynasore as previously
mentioned. 1 x 10° BMDMs/mL were stimulated with MIC1 or
MIC4 at 5 pg/mL. It was established a sub-optimal lectin
concentration based on dose-response experiments, following
previous studies of our group (19, 20). LPS (standard LPS, E. coli
0111: B4; Sigma-Aldrich, 500 ng/mL) and medium alone were
used respectively as the positive and negative controls. For in
vitro infection assay, after counted as previously mentioned, 3
tachyzoites per BMDM were added into wells (multiplicity of
infection, MOI = 3). The plates were immediately centrifuged for
3 min at 200 x g to synchronize infection within BMDMSs and
incubated at 37°C in 5% CO2. After incubation, culture
supernatants were collected for analyzing cytokine secretion,
RNA was isolated for gene expression studies, and cell lysates
were prepared for western analysis.

TLR4 Surface Detection

To detect cell surface displayed TLR4, 1 x 10° BMDMs cultured
in black 96-well plates with clear bottoms were stimulated with
medium only, LPS, MIC1, or MIC4 for the indicated periods,
then fixed with 2% (vol/vol) paraformaldehyde (Sigma Aldrich).
Wells were rinsed with phosphate buffered saline solution (PBS)
pH 7 to 7.2 (Hyclone, GE Healthcare Inc.) supplemented with
IM glycine (Sigma Aldrich) and blocked using anti-mouse
CD16/32 (FcBlock) for 1 h at room temperature. This was
followed by incubation overnight at 4°C with 0.5 ng/mL rat
anti-mouse TLR4 (Biolegend San Diego, CA - 117601), followed
by five washes with 200 uL PBS. Secondary antibodies
conjugated with Alexa Fluor 488 (Invitrogen, Thermo Fisher
Scientific Inc - A21208) were added to the wells (1:1000) and
incubated for 1 h at room temperature. Wells were washed 7
times with 200 UL PBS. TLR4 was detected in an FLx800
Fluorescence Microplate Reader (BioTek Instruments,
Winooski, VT); excitation 485 nm, emission 528 nm). Results
are expressed as median fluorescence intensity (MFI).

Confocal Microscopy and Colocalization
Analysis

To analyze the distribution of biotinylated MIC1 and MIC4 after
incubation with macrophages, 2 x 10* BMDMs were cultured on
13 mm diameter glass coverslips placed in 24-well plates for 18 h
at 37°C in 5% CO,. Cells were then stimulated with 5 pug/mL
biotinylated MIC1 or MIC4 and immediately incubated for 5, 10,
or 15 min at 37°C in 5% CO,. After incubation, cells were fixed
for 20 min in 2% (vol/vol) paraformaldehyde (Sigma-Aldrich) in
PBS (Hyclone, GE Healthcare Inc.), washed twice with PBS, and
incubated with 0.1 M glycine (in PBS) for 10 min. Cells were then
permeabilized with 0.01% (vol/vol) saponin (Sigma-Aldrich) in
PBS for 20 min and blocked with 7 ug/mL polyclonal donkey
anti-mouse IgG (Jackson Immuno Research, West Grove, PA,
715-007-003) plus 1% (vol/vol) bovine serum albumin (BSA)
(Sigma Aldrich) in PBS for 45 min. Coverslips were washed with
PBS and incubated for 1 h with a mixture of mouse monoclonal
IgG2b anti- TLR4 (Abcam ab22048, 1:500) and rabbit polyclonal
IgG anti- EEA1 (Abcam - ab2900, 1:500), (diluted in PBS
containing 1% BSA). Cells were then washed 5 X 5 min in
PBS, and then incubated with a mixture of Goat anti-mouse
IgG2b conjugated with Alexa Fluor 647 (Invitrogen, Thermo
Fisher Scientific Inc - A-21242, 1:1000), Goat anti-rabbit IgG
conjugated with Alexa Fluor 488 (Invitrogen, Thermo Fisher
Scientific Inc, A-11008, 1:1000) as secondary antibodies and,
Alexa Fluor 594 conjugated streptavidin (Invitrogen, Thermo
Fisher Scientific Inc, $32356, 1:1000). Finally, cells were washed
10 X 5 min in PBS, rinsed quickly with ultrapure water (Milli-Q,
Merck Millipore, Watford WD), and mounted with
Fluoromount G (Electron Microscopy Sciences, Hatfield, PA).
Cells incubated without primary antibody were used as controls,
and were all negative. Cells were analyzed using a conventional
Olympus BX50 fluorescence microscope (Olympus, Waltham,
MA), and a Leica TCS SP5 confocal microscope (Leica
Microsystems, Wetzlar). The images were obtained by a
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sequential acquisition of the three fluorophores to avoid
crosstalk/overlap. Colocalization studies were performed in
serial cuts (Z axis) of 0.17 pm each, followed by calculation of
Manders coefficients. Coefficients of colocalization tM1/tM2
were calculated using FIJI software (33) and the Colocalization
Threshold Plug-in developed by Tony Collins (Wright Cell
Imaging Facility, Toronto, Canada). These coefficients vary
from 0 to 1, corresponding to a lack of correlation and a
perfect correlation, respectively. tM1 is the number of pixels
(above the background) in the green channel that overlaps the
pixels (above the background) in the red channel. tM2 is the
number of pixels (above the background) in the red channel that
overlaps the pixels (above the background) in the green channel.
For immunostaining analysis of MIC1 and MIC4, the red
channel was used, and for the TLR4 and EEA-1 markers, the
green channel was used. Trough LUT (Look-up Table, FIJI/
Image]) Magenta was chosen as pseudo-color for TLR4, for
better visualization.

Western Blotting Analysis

To evaluate p38 and IRF3 phosphorylation, 1 x 10’ BMDMs
were stimulated with MIC1, MIC4, LPS, or medium for the
indicated periods of time. Cells were lysed in a buffer containing
100 mM NacCl, 20 mM Tris (pH 7.6), 10 mM EDTA (pH 8), 0.5%
SDS, 1% Triton X-100, and a protease inhibitor cocktail (Sigma-
Aldrich). Cells were immediately transferred into liquid
nitrogen, and stored at -80°C. Laemmli sample buffer was
added to lysates, and samples were boiled for 10 min. Proteins
were separated by SDS-PAGE on 10% (vol/vol) polyacrylamide
resolving gels and transferred to nitrocellulose membranes. The
membranes were blocked for 16 h at 4°C in PBS containing
0.05% (vol/vol) de Tween-20 (Sigma Aldrich) and 3% (vol/vol)
BSA (Sigma Aldrich), and were then incubated for 1 h at room
temperature with primary antibodies: anti-phospho-p38 MAPK
(Thr180/Tyr182, 28B10, 1:100; Cell Signaling Technology,
Danvers, MA -9216), anti-p38 MAPK (1:1000; Cell Signaling-
9212), anti-phospho-IRF3 (Ser396 - 4D4G; 1:1000; Cell
Signaling-4947), anti-IRF3 (D83B9; 1:1000; Cell Signaling-
4302), and anti-B-actin (1:1000; Santa Cruz Biotechnology
Santa Cruz, CA -4778) for a loading control. The same
nitrocellulose membrane was then subjected to secondary
probing anti-mouse IgG-HRP (1:2000) or anti-rabbit HRP
(1:2000) (Invitrogen) for 30 min. The membranes were
developed using chemiluminescence (0.1M Tris-HCl pH 8.5,
2.5 mM de luminol, 0.9 mM p-coumaric acid e 1% de hydrogen
peroxide solution). For stripping, the immunoblot was immersed
in mild stripping buffer (15 g glycine, 1 g SDS, 10 mL Tween 20
in 1000 mL distilled water. pH 2.2), incubated at room
temperature for 10 min and the immunoblot was repeat as
described. The chemiluminescence detection was performed
using ChemiDoc Imaging Systems (Bio-Rad Laboratories).

ELISA

TNF-a, IL-10 (OptEIA set; BD Biosciences, San Jose, CA), and
IFN- (R&D Systems, Minneapolis, MN) concentrations in cell
culture supernatants were determined by ELISA in accordance

with the manufacturer’s instructions. Standard curves generated
from serial dilution of a provided set of recombinant cytokines
were used to determine the respective cytokine concentrations
in the supernatant samples. Absorbance at 450 nm was
measured using a Power Wave-X spectrophotometer (BioTek
Instruments, Inc.).

Quantitative Real-Time PCR

BMDMs (2 x 107) were stimulated for 5 h with MIC1, MIC4,
LPS, or medium only. RNA was extracted using Trizol Reagent
(Invitrogen) and purified using the Direct-zol RNA MiniPrep
Plus Kit (Zymo Research, Irvine, CA) according to the
manufacturer’s instructions. cDNA was synthesized from
1.5ng of RNA using SuperScript Reverse Transcriptase
(Invitrogen) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed using Power SYBR
Green (Applied Biosystems, Thermo Fisher Scientific Inc.) on a
7500 Real-Time PCR thermocycler (Applied Biosystems).
Relative expression of transcripts was quantified using the
AACt method, and B-actin was used as an endogenous control.
The following primers were used for quantification: S-actin F: 5-
GATGCAGAAGGAGATCACAGCC-3’ and B-actin R: 5-ACA
ATGAGGCCAGAATGGAGC-3’; II-10 F: 5-GCTCTTACTGA
CTGGCATGAG-3" and II-10 R: 5-CGCAGCTCTAGGAGC
ATGTG-3’; Cxcl10 F: 5°-TTTACCCAGTGGATGGCTAGTC-3’
and Cxcl10 R: 5-GCTTGACCATCATCCTGCA-3; Tnf-o F: 5-
GACGTGGAACTGGCAGAAGAG-3’ and Tnf-or R: 5°-GCCAC
AAGCAGGAATGAGAAG-3’; and Ifn-B F: 5-GCACTGGGTG
GAATGAGACT-3 and Ifn-B R: 5AGTGGAGAGCAGTTG
AGGACA-3.

Statistical Analysis

Statistical analyses were performed by one-way ANOVA
followed by Bonferroni’s post-test, or two-way ANOVA
followed by Tukey’s post-test, as indicated. Analyses were
performed using GraphPad Prism software version 8
(GraphPad, La Jolla, CA). Differences were considered
significant when P values were <0.05.

RESULTS

MIC1 and MIC4 Colocalize With Early
Endosomes After Interacting With TLR4

As previously demonstrated, T. gondii lectins MIC1 and MIC4
interact physically with TLR4 N-glycans on the surface of
mononuclear phagocytes (19). We thus investigated the
localization of the complexes following their initial contact.
Using an immunofluorescence plate assay, we first detected
TLR4 on the surface of vehicle control treated and MICI,
MIC4, or LPS stimulated bone marrow-derived macrophages
(BMDMs). There was a significant decay in the presence of cell
surface TLR4 over time, which was fastest on MIC1-stimulated
cells, followed by similar rates on MIC4- and LPS-stimulated
cells (Figure 1A).
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FIGURE 1 | MIC1 and MIC4 colocalize with early endosomes concurrent with TLR4 downregulation on the cell surface. (A) BMDMs were stimulated with medium
only, LPS, MIC1, or MIC4 for the indicated periods. After fixing, cells were blocked (Fcblock) and stained with anti-TLR4 antibodies. Cell surface TLR4 was quantified
using an FLx800 Fluorescence Microplate Reader (BioTek Instruments, USA; excitation 485 nm, emission 528 nm). Results were expressed as MFI + SD. *p < 0.05
and ** p < 0.001 (One-way ANOVA and Bonferroni post-test). For confocal microscopy, BMDMs were incubated with biotin-MIC1 or with biotin-MIC4 for 5, 10, or
15 min (B, D). After fixing and permeabilization, cells were immunostained with anti-TLR4 (Alexa-647, pseudo-color -LUT magenta), or anti-EEA-1 (Alexa-488, green).
Biotinylated lectins were detected by reaction with fluorescent streptavidin (Alexa-594, red). Merge = yellow. Bar = 10 uM. Insets: 2.5-fold increased magnification.
(C, E) Percentages of colocalization of MIC1 or MIC4 with EEA-1 (red line) or TLR4 (blue line) were determined at 5, 10, and 15 min after stimulation. Additionally, the
percentage of EEA1 colocalization with TLR4 was determined (green line) for both MIC1 and MC4 stimulation at the same time points. Results were obtained by
calculating the Manders Colocalization Coefficient (MCC) and expressed as averages + SD. Representative data from experiments performed in triplicate. *p < 0.05
(one-way ANOVA and Bonferroni post-test).

To measure internalization of microneme protein/TLR4 1B, D. Five minutes after stimulation, high colocalization with
complexes putatively formed on the cell surface, we performed = TLR4 was observed for MIC1 (55.2%, Figures 1B, C) and MIC4
quantitative analysis of complex component colocalization by  (61.6% Figures 1D, E). These proportions decreased rapidly and
confocal microscopy of BMDMs stimulated with biotinylated  significantly after longer time points: MIC1 colocalization with
MIC1 or MICH4 for 5, 10, and 15 min. The colocalization profiles TLR4 was 13.7% at 10 min and 12.6% at 15 min after stimulation
of MIC1 and MIC4 with TLR4 were similar, as shown in Figures  (Figure 1C). At the same time points, MIC4/TLR4 colocalization
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was 19.7% and 17.6% (Figure 1E). MIC1 and MIC4 displayed a
punctate distribution throughout the cytoplasm and within
various subcellular compartments, but primarily in regions
cortical to the cell membrane, in a pattern that suggested
endosomal encapsulation (Figures 1B, D). We evaluated MIC1
and MIC4 colocalization with endosomes in microneme protein-
stimulated BMDMs. As expected, we did not observe
colocalization of MIC1 or MIC4 with EEA1 immediately after
stimulation (time zero, not shown). At 5 min, we observed
approximately 80% colocalization of each MIC with EEAIL.
MIC1 and MIC4 maintained high-level colocalization with
EEAL1 for the remainder of the experimental period (Figures
1GC, E).

We next examined TLR4 colocalization with EEA-1 in MICI-
or MIC4-stimulated BMDMs. We found 60% colocalization
between TLR4 and EEA-1 at 5 min post-stimulation (Figures
1C, E). This proportion decayed significantly to 38.2% by 15 min
after the MIC1-stimulus (Figure 1C) but was maintained at
higher than 50% over time in MIC4-stimulated BMDMs
(Figure 1E).

We conclude that microneme protein/TLR4 complexes are
found early and for a brief period within stimulated cells,
colocalized inside early endosomes. Although they remain
within endosomes longer, MIC1 and MIC4 segregate quickly
from TLR4, and are then cleared slowly and progressively from
the endosome.

TLR4 Endocytosis Is Critical for
IL-10 Release From MIC1- and
MIC4-Stimulated BMDMs

We have previously verified that interaction between MICI or
MIC4 and TLR4 induces mononuclear phagocytes to release
cytokines (19, 20). Herein, we showed that both MICs induce
TLR4 uptake from the BMDM surface, followed by
colocalization with EEAl. To evaluate the impact of TLR4
internalization on cytokine release by microneme-protein-
stimulated BMDMs, we blocked their endocytic pathway with
Dynasore, a dynamin inhibitor.

We evaluated the impact of endocytic pathway blockade on
different intracellular signaling pathways in BMDMs untreated
with MICs. The impact was indirectly assessed by quantitating
Cxcll0 (dependent on JAK/STATI1), Tnf-a (dependent on
MyD88/NF-xB), and II-10 (dependent on IRF3/AKT) mRNA
levels. Pretreatment with Dynasore did not affect Cxcl10 mRNA
levels in MIC1-, MIC4-, or LPS-stimulated BMDM:s (Figure 2A).
While Tnf-oc mRNA levels increased with blockade of
endocytosis in MIC-stimulated BMDMs after endocytosis
blockage (Figure 2B), II-10 mRNA levels decreased
significantly. Maximal reduction was observed in MICI-
stimulated cells (Figure 2C). Upon identify a possible
modulation of II-10 and Tnf-a through the qPCR assay, we
also proceeded to the investigation of effect of blocking
endocytosis on protein levels of these cytokines released by
BMDMs. We confirmed our previous finding that MIC1
and MIC4, similar to LPS, induce increased release of

pro-inflammatory TNF-o and anti-inflammatory IL-10
(Figures 2D, E, blue bars). Distinct from what was observed in
the qPCR results, the pretreatment with Dynasore mildly
antagonized MIC induction of TNF-a. release (Figure 2D, red
bars). On the other hand, corroborating with qPCR results,
Dynasore treatment effectively quenched IL-10 release by
MIC1-, MIC4-, and LPS-stimulated BMDMs (Figure 2E,
red bars).

We also assayed BMDMs obtained from TLR2-/-, CD14-/-,
and TLR4-/- mice. Stimulation of TLR2-/- BMDMs with MICs
induced production of TNF-o and IL-10 (Figures 2F, G, blue
bars) at levels close to those produced by WT BMDMs; in both
cell types, levels were typically superior to those released by
unstimulated cells (medium). This observation indicates that
TLR2 is not critical for microneme protein-induced signaling
resulting in TNF-a or IL-10 production. CD14-/- BMDMs
produced levels of TNF-ou similar to levels produced by WT
BMDMs (Figure 2H), but reduced levels of IL-10 (Figure 2I) in
response to MIC1 and MIC4. In the absence of TLR4, BMDMs’
release of IL-10 and TNF-o. became unresponsive to MIC
exposure (Figures 2G, H). Of note, there was a significant
production of TNF-oo by TLR4-/- and CD14-/- BMDMs in
response to LPS (Figures 2H, J). The LPS used in this study
was not an ultrapure LPS, thus traces of TLR2-agonist might be
triggering proinflammatory cytokine release. BMDMs of all
assayed phenotypes produced no IL-10 in response to MICI,
MIC4, or LPS when pretreated with Dynasore (Figures 2E, G, I,
K), while TNF-o levels were mostly preserved.

Taken together, the results presented in this section reveal
that TLR4 endocytosis plays a crucial role in MIC1 or MIC4
induced IL-10 production. Absence of TLR4, or blockade of
endocytosis in BMDMs completely quenches IL-10 production.

MIC1 or MIC4 Stimulation Prompts TLR4/
CD14-Dependent IRF3 Phosphorylation

LPS stimulation of innate immune cells initiates TLR4
internalization, TRIF activation, and IRF3 phosphorylation. In
addition to other effects, IRF3 phosphorylation results in IFN-f3
and IL-10 secretion (34). Under assayed conditions, we did not
verify IFN-P release by BMDMs in response to MICs (Figure
S1). Because MIC1- or MIC4-stimulated BMDMs vigorously
released IL-10 (Figure 2), we evaluated whether cell stimulation
with MIC1 or MIC4 is implicated in IRF3 phosphorylation.

As expected, stimulation with MIC1 or MIC4 together with
LPS activated p38 phosphorylation independently of the
background of the assayed BMDMs, as demonstrated by
western blotting (Figure 3). This finding is consistent with the
high TNF-o. concentrations we detected by ELISA (Figures 2D,
F, H, J) under similar experimental conditions. MIC-induced
IRF3 phosphorylation occurred only in WT and TLR2-/-
BMDMs (Figures 3A, C), similar to our observations
regarding IL-10 production (Figures 2E, G). Stimulation with
MICs did not induce IRF3 phosphorylation or IL-10 production
in BMDMs lacking CD14 or TLR4 (Figures 3B, D). The shared
CD14 and TLR4 dependence of these events reinforces our initial
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FIGURE 2 | IL-10 production by MIC1- or MIC4-stimulated BMDMs requires TLR4 and a functional endocytic pathway. (A—=C) WT BMDMs pretreated (red squares) or
not (control - blue circles) with Dynasore were stimulated with Medium only, LPS, MIC1, or MIC4 for 5 h. Extracted RNA was reverse transcribed into cDNA, and
expression of Cxcl10 (A), Tnf-a (B), and /10 (C) was analyzed by real-time PCR. Relative expression was determined as described in “Materials and Methods,” and
results obtained under Dynasore treatment were compared with control conditions under the same stimulation. Results are expressed as averages + SD of four
experiments, each performed in triplicate. Statistical analysis was done by two-way ANOVA followed by Tukey's test (* = p < 0.05, *** = p < 0.001, *** = p < 0.0001).
BMDMs from WT (D, E), TLR2” (F, G), CD14”" (H, 1), and TLR4™" (J, K) mice were pretreated (red bars) or not (control - blue bars) with Dynasore and then stimulated
with medium only, LPS, MIC1, or MIC4. After 24 h, cell supernatants were analyzed by ELISA for TNF-a. (D, F, H, J) and IL-10 (E, G, I, K) levels. Results are
expressed as averages + SD of three independent experiments, each performed in triplicate. Statistical analysis was done by two-way ANOVA followed by Tukey'’s test
(*=p < 0.05 in comparison with control under same stimulation).
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FIGURE 3 | IRF3 phosphorylation in MIC1- or MIC4-stimulated BMDMs
depends on CD14 and TLR4. IRF3 and P38 phosphorylation were assessed
by western blotting of lysates of WT (A), CD14” (B), TLR2”" (C), and TLR4”
(D) BMDMs, which had been stimulated with medium only (M), LPS, MIC1, or
MIC4 for 30 min. Antibodies against phosphorylated and unphosphorylated
IRF3 and P38 were used; anti-B-actin was used as a loading control.

hypothesis of an association between these two events (IL-10
production and IRF3 phosphorylation) (Figures 2I, K) in MIC1-
or MIC4-stimulated cells. BMDM stimulation with MICs
triggers IRF3 phosphorylation in a TLR4-and CD14 dependent
manner, as does LPS.

Toxoplasma gondii-Infected BMDMs
Produce IL-10 in a TLR4 and Endocytosis-
Dependent Manner

MIC1 and MIC4 are carbohydrate-binding proteins released by
T. gondii in the initial steps of host cell invasion. Herein, we have
shown that IL-10 production is an early response of host cells to
the contact with MICs, mediated by their interaction with TLR4.
To apply our observations to a more realistic infection scenario,
we quantified levels of cytokines released by BMDMs when
incubated with live parasites instead of with recombinant
MIC1 or MIC4.

Increased TNF-o. and IL-10 production followed in vitro
infection of BMDMs with whole parasites (Figures 4A, B, blue
bars). Blockade of the BMDMs endocytic pathway slightly
decreased TNF-ou secretion, but completely abolished parasite
induced IL-10 release (Figures 4A, B, red bars). When TLR4-/-
BMDMs were infected in vitro with the parasite, they barely
released IL-10 (Figure 4D), but they kept producing TNF-o
(Figure 4C), in levels even greater than the ones detected in
WT BMDMs.

Remarkably, the results we obtained using host cells infected
in vitro with whole living parasites reproduced those obtained by
stimulating cells with recombinant MIC1 or MIC4 (Figures 2D,
E). This indicates that MIC1 and MIC4 contribute to the early
IL-10 production observed in vivo, which is an essential
component of the host defense. Our observations demonstrate
the importance of the endocytic pathway, and dependence on
TLR4 for IL-10 secretion by T. gondii parasitized host cells.

Endotoxin Tolerance Is Stimulated in
BMDMs by MIC1 or MIC4

Exposure of mononuclear phagocytes to LPS induces transient
hyporesponsiveness to subsequent LPS stimulus, a state known
as endotoxin tolerance (35-37). Its hallmark is the attenuation of
TLR4-dependent signaling due to independent mechanisms:
TLR4 internalization, and decreased expression of TRIF-
dependent genes (38). We found that MIC1 and MIC4 induce
IRE3 phosphorylation (Figure 3) via a cell signaling pathway
mediated by TLR4 internalization. To investigate whether MIC
mediated TLR4 endocytosis leads to endotoxin tolerance, we first
stimulated BMDMs with MIC1, MIC4, or LPS. After 18 h, cells
were washed and restimulated for 24 h with LPS.

As expected, we showed that mock-tolerized macrophages
(“stimulated” with medium only) produced high concentrations
of both TNF-o and IL-10 in response to “restimulation” with
MIC1, MIC4, or LPS (Figures 5A, B, colored bars compared to
Med/Med). We confirmed that in response to LPS restimulation,
LPS-stimulated macrophages (LPS/LPS) released 11-fold lower
TNEF-o levels than mock-tolerized BMDM:s (Figure 5A, Med/LPS
- orange bar). In addition, MIC1- or MIC4-stimulated BMDMs
produced 5- and 8-fold lower TNF-o levels, respectively, than
mock-tolerized BMDMs when restimulated with LPS (Figure 5A).
Cells stimulated and restimulated with pairs of MICs (MIC1/
MIC1, MIC4/MIC4, MIC1/MIC4, or MIC4/MIC1) allowed us to
conclude that homo-and hetero-tolerance to MIC1 and MIC4
have occurred. In these cases, tolerance was manifested by
abolishment of TNF-o production, whereas IL-10 levels were
mostly preserved (Table S1).

Figure 5B shows that cells that were restimulated with LPS
after initial stimulation with LPS (LPS/LPS), MIC1 (MIC1/LPS),
or MIC4 (MIC4/LPS) displayed diminished IL-10 production
compared to mock-tolerized macrophages (Med/LPS - orange
bar). IL-10 production in response to LPS restimulation was
twice as high in macrophages exposed first to MIC1, and 1.5 fold
higher in MIC4-exposed macrophages than in LPS-tolerized cells
(Figure 5B).
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Our results suggest that MIC1 and MIC4 induce cell tolerance
to endotoxin, manifested by reduced TNF-o. production in
response to LPS challenge. This observation, together with the
high IL-10 release by MIC1- or MIC4-tolerized BMDMs
indicates that tolerized cells are rendered, at least temporarily,
anti-inflammatory.

DISCUSSION

This study reports that the T. gondii lectins, MIC1 and MIC4, in
addition to inducing proinflammatory cytokine release by
macrophages, as previously reported (19, 20), stimulate IL-10
production in a TLR4-endocytosis dependent manner. The
ability of MIC1 and MIC4 to cause the release of pro-
inflammatory cytokines following activation of innate immune
cells is attributed to signaling pathways that involve MYDSS8,
TAK-1, and NF-kB nuclear translocation (20). Nonetheless, the
mechanisms by which MIC1 and MIC4 induce the anti-
inflammatory cytokine IL-10 (19) have not yet been elucidated.

Consistent literature indicates that TLR2 agonists induce IL-
10 production by antigen-presenting cells (APCs) (39-41).
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FIGURE 4 | Toxoplasma gondii-infected BMDMs produce IL-10 via a TLR4 and endocytosis dependent mechanism. WT (A, B) and TLR4”" (C, D) BMDMs were
pretreated (red bars) or not (control - blue bars) with Dynasore, then stimulated with Medium only or LPS, or infected with T. gondii (at a ratio of 3 parasites/BMDM).
After 24 h, cell supernatants were analyzed for TNF-o. (A, C) and IL-10 (B, D) levels. Results are expressed as averages + SD of two independent experiments, each
performed in triplicate. Two-way ANOVA followed by Tukey’s test was performed (* = p < 0.05 in comparison with control under same stimulation/infection).

However, we verified that TLR2-deficient BMDMs produce
significant IL-10 levels in response to MIC stimulation (Figure
2@), indicating that TLR2 is not crucial for induction of IL-10
release. Indeed, the TLR activation-dependent IL-10-release may
change in the different immune cell types. Macrophages and
myeloid dendritic cells (DCs), but not plasmacytoid DCs,
produce IL-10 in response to TLR activation, with
macrophages being the higher producers (42). As reviewed by
Saraiva and O’Garra (43), optimal IL-10 production induced by
LPS, a classical TLR4 agonist, requires activation of both TRIF-
and MYD88-dependent pathways (43). By assaying BMDMs that
were pretreated with the dynamin inhibitor Dynasore, we
showed that MIC1 and MIC4’s ability to induce an anti-
inflammatory response requires the integrity of the endocytic
pathway. Thus, by interacting with TLR2- and TLR4-associated
N-glycans on cell surfaces (19), MIC1 and MIC4 prompt the
release of pro-inflammatory cytokines, even by Dynasore-
conditioned cells (Figure 2D). IL-10 release additionally
requires TLR4 endocytosis by MIC1- or MIC4-stimulated
macrophages (Figures 2E and 6).

TLR4 endocytosis in response to LPS activates the TRIF-
TRAM pathway, leading to IRF3 phosphorylation. This
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FIGURE 5 | MIC1 and MIC4 induced LPS tolerance in BMDMs. BMDMs
were stimulated with Medium only (Med), LPS, MIC1, or MIC4. After 18 h,
cells were washed and restimulated for an additional 24 h with medium or
LPS. Cell supernatants were assessed for TNF-o. (A) and IL-10 (B)
concentrations. Mock-stimulated cells (Med) restimulated with MIC1 or MIC4
(purple and green bars) were used as controls. Results are expressed as
averages + SD of three independent experiments, each performed in
triplicate. Statistical analysis was performed by two-way ANOVA followed by
Tukey’s test. * = p < 0.05, ** = p < 0.001 and *** = p < 0.0001, in
comparison with cells stimulated with Med and restimulated with LPS (orange
bars), or as indicated.

endosomal TLR4 signaling frequently results in IFN-f and
CXCL-10 secretion, and negatively regulates inflammation via
a mechanism referred to as “tolerance” (38). Besides, the up-
regulation of type I IFN was shown to enhance the BMDMs
release of IL-10 after LPS stimulation (44). Similar to LPS,
MIC1 and MIC4 induce TLR4 endocytosis followed by IRF3
phosphorylation (Figures 1 and 3). However, their activity
diverges from that of LPS in that MIC1 and MIC4 do not cause
IFN-f release, as does LPS (Figure S1). In addition to IFN-3
secretion, IL-10 release was also reported to result from TLR4
endocytosis, via a mechanism dependent on the p1106 isoform
of the kinase PI(3)K (45). If IL-10 production induced by
MIC1 and MIC4 is also dependent in the p110d isoform of the
kinase PI(3)K is still to be investigated. Remarkably, IL-10
secretion induced by LPS, MICI, and MIC4 is entirely
dependent on endocytic pathway integrity, as well as on the
presence of TLR4 and CD14 (Figure 2).

Although the mechanisms by which MIC1 and MIC4 induce
proinflammatory cytokine release have already been explored,

questions remain on this issue. For instance, why would T. gondii
stimulate host cells to mount a potentially lethal response to
itself? Indeed, T. gondii infections that result in high production
of proinflammatory cytokines, including IL-12, TNF, and IFN-y
ultimately control the parasite. Nonetheless, a proinflammatory
cytokine storm that would presumably follow T. gondii infection
does not occur, because it is downregulated by high IL-10 release
(46). Therefore, IL-10 is critical for establishing a chronic
toxoplasmosis phase, associated with formation of T. gondii
type II strains (47). Consistently, even when infected with
avirulent Type II parasites, IL-10-deficient mice overproduce
IFN-y, TNF-0, and IL-12, leading to exacerbated inflammation,
tissue injury, and premature death (29).

To our knowledge, this is the first report describing how T.
gondii components can induce release of the anti-inflammatory
cytokine, IL-10. We therefore highlight two directions in need
of further investigation. Firstly, the fact that MICI- and
MIC4-stimulated BMDMs are temporarily LPS-tolerized
(Figure 5) provides a possible mechanism for evasion of the host
inflammatory response by T. gondii. Because we already know that
MIC1 and MIC4 act on host cells through their carbohydrate
recognition domains (CRDs) (19), we hypothesize that during
evolution there was a selection for parasites expressing lectin
components, favoring host-parasite coexistence. During early
infection stage, the balance between inflammatory and anti-
inflammatory cytokines produced by the host is controlled, at
least partially, by the parasites themselves. During early stages of
infection, inflammatory mediators induced by ingested T. gondii
components activate neutrophil migration, attracting motile
parasite reservoirs, whose retrograde transit then spreads
T. gondii throughout the small intestine (48). Induction of
inflammatory mediators thus allows parasites access to different
host tissues during early stages of infection. Subsequently, the
production of anti-inflammatory mediators can fine-tune host-
parasite coexistence during establishment of chronic toxoplasmosis
(29, 46, 47). The second aspect to be considered concerns the
potential application of recombinant forms of these MICs in
immunotherapy against T. gondii infection. Administration of
either MIC1 or MIC4 confers protection against experimental
murine toxoplasmosis, mediated by the Thl immune response
(49). Because MIC1 and MIC4 also induce the anti-inflammatory
cytokine IL-10, they are strong candidates for safe vaccines and
immunomodulatory agents.

In summary, this study shows that TLR4 but not TLR2 is
crucial for IL-10 release induced by the lectins MIC1 and MIC4
from T. gondii. Shortly after interacting with TLR4 on BMDMs
surface, these lectins are found colocalized with early endosomes.
It was also shown that the block of the endocytic pathway strongly
impairs the IL-10 secretion while it barely compromises TNF-o
release in the cells stimulated with MIC1 and MIC4, suggesting an
impairment in endosomal TLR4 signaling pathways, but not the
TLR4 signaling triggered on the cell surface. To illustrate the main
findings in this study, we propose a graphical model showing the
mechanism through which TLR4 endocytosis induced by MIC1
and MIC4 is triggering IRF3 phosphorylation and then IL-10
secretion by BMDMs (Figure 6). Lastly, we present evidence
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FIGURE 6 | TgMIC1 and TgMIC4 drive TL4 into endosomes inducing BMDM-IL-10 release: a model. BMDMs produce the anti-inflammatory cytokine IL-10 in
response to MIC 1 and MIC4 depending on TLR4 internalization from the cell surface. Macrophages subjected to blockage of endocytosis by Dynasore continued to
release the proinflammatory cytokine TNF-o but failed to produce IL-10 in response to MIC1 or MIC4 exposure.

suggesting that MIC1 and MIC4, likewise LPS itself, induce
BMDMs tolerance to endotoxin.
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Protein  O-mannosyltransferase (PMT) catalyzes an initial step of protein
O-mannosylation of Mycobacterium tuberculosis (Mtb) and plays a crucial role for
Mtb survival in the host. To better understand the role of PMT in the host innate immune
response during mycobacterial infection, in this study, we utilized Mycobacterium
smegmatis pmt (MSMEG_5447) gene knockout strain, AM5447, to infect THP-1 cells.
Our results revealed that the lack of MSMEG_5447 not only impaired the growth
of M. smegmatis in 7H9 medium but also reduced the resistance of M. smegmatis
against lysozyme and acidic stress in vitro. Macrophage infection assay showed
that AM5447 displayed attenuated growth in macrophages at 24 h post-infection.
The production of TNF-a and IL-6 and the activation of transcription factor NF-kB
were decreased in AMb5447-infected macrophages, which were further confirmed
by transcriptomic analysis. Moreover, AM5447 failed to inhibit phagosome-lysosome
fusion in macrophages. These findings revealed that PMT played a role in modulating
the innate immune responses of the host, which broaden our understanding for
functions of protein O-mannosylation in mycobacterium-host interaction.

Keywords: host-pathogen interaction, O-mannosylation, protein O-mannosyltransferase, Mycobacterium
smegmatis, phagosome-lysosome fusion

INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is one of the top 10 causes of death
and the leading cause of death from a single infectious agent. Today, the burden of TB is still in
a phase of high level, largely due to the TB/HIV coinfection and emergence of high drug-resistant
Mtb strains (WHO, 2020). Under this situation, efforts for understanding pathogenicity of Mtb
become eagerly important.

The unique cell envelope of Mtb is composed of peptidoglycan, arabinogalactan, mycolic acids,
phosphatidylinositol mannosides, lipomannans, lipoarabinomannans, and proteins. It not only

Abbreviations: ConA, concanavalin A; CW, cell wall; WCL, whole-cell lysate; CM, cell membrane; SOL, soluble fraction;
CFU, colony-forming units; MOI, multiplicity of infection; PMA, phorbol 12-myristate 13-acetate; LBT, LB medium
supplemented with 0.05% Tween 80; ADC, albumin-dextrose-catalase; LAMP-1, lysosome-associated membrane protein
1; DEGs, differentially expressed genes; PMT, protein O-mannosyltransferase; PSP-A, pulmonary C-type lectin surfactant
protein A; Apa, alanine and proline-rich secreted antigen.
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provides an impermeable barrier for antimicrobial drugs
resistance but also is crucial for Mtb pathogenicity and survival in
infected host (Abrahams and Besra, 2016; Turner and Torrelles,
2018). Recent studies showed that many cell envelope proteins
and secreted proteins of Mtb were frequently O-mannosylated
(Espitia etal., 2010; Mehaffy et al., 2019). For example, 41 putative
O-mannosylated proteins in Mtb culture filtrate were identified
via concanavalin A (ConA) lectin-specific two-dimensional gel
electrophoresis (Gonzalez-Zamorano et al., 2009). Tucci et al.
(2020) identified 46 O-glycoproteins from culture filtrate of
Mtb by LC-MS/MS, and most of those proteins are involved
in intermediary metabolism and respiration, as well as cell
wall (CW) and cell process according to the Mtb database.
The biological roles of Mtb glycoproteins also have been
investigated currently. It has been reported that O-mannosylation
of protein Mtb had closely linked with protein properties
including the activity, subcellular localization, and stability of
proteins and the permeability of the CW (Herrmann et al,
1996; Sartain and Belisle, 2009; Arya et al., 2013; Rolain
et al,, 2013). Additionally, O-mannosylation of protein displayed
a profound impact on host-pathogen interaction, such as
receptor recognition, immunomodulation, antigenicity, and Mtb
pathogenicity (Loke et al., 2016; Vinod et al., 2020). For example,
O-mannosylated proteins Apa, LpqH, and PstS1 as adhesins
bound with c-type lectins to achieve cell adhesion, facilitating
subsequent establishment of infection (Diaz-Silvestre et al., 2005;
Ragas et al., 2007; Esparza et al., 2015). Further studies revealed
that natural O-mannosylation of Apa is crucial for stimulating the
T cell antigenicity and dendritic cell-mediated T cell polarization
(Horn et al., 1999; Pitarque et al., 2005; Nandakumar et al., 2013).
Recently, the protective capacity of Mycobacterium bovis BCG
was also improved by boosting with the O-mannosylated protein
of BCG (Deng et al., 2020).

Protein O-mannosyltransferase (PMT) catalyzes the initial
step of protein mannosylation by transferring the mannosyl
residue to serine or threonine residue of proteins. VanderVen
et al. (2005) first identified Rv1002c as Mtb PMT because
overexpression of Rv1002c in Mpycobacterium smegmatis
increased the PMT activity of membrane fractions in vitro.
Increased interest in O-mannosylation stemmed from the fact
that the absence of Rv1002c had greatly reduced the Mtb survival
in mice (Liu et al., 2013). Recent studies showed that PMT
related to the release of lipoarabinomannan (LAM) and affected
host inflammatory responses (Alonso et al., 2017). Even though
these findings endow PMT with potential as a drug-targetable
virulence factor in host-pathogen interactions, its physiological
role in Mtb and its biological role in innate immunity of the host
are still poorly characterized.

Mycobacterium smegmatis is a convenient model for the
study of PMT due to its ability to produce glycosylated Mtb
recombinant proteins (Bashiri and Baker, 2015). It is also an
important tool as a vaccine vector in expressing heterologous
proteins (Triccas and Ryan, 2009). Additionally, MSMEG_5447,
a gene that encodes PMT in M. smegmatis, is homologous
with Rv1002c and conserved among mycobacteria (Figure 1).
In our previous work, an M. smegmatis mutant strain with
MSMEG_5447 gene disruption, AM5447, was constructed and

confirmed by obtaining non-mannosylated protein Rv0431
which is a mannosylated protein in Mtb (Deng et al., 2016). In this
study, MSMEG_5447 complementary strain was generated by
transforming the pMind-MSMEG_5447 plasmid to the AM5447
strain. The impact of PMT on M. smegmatis viability under
stress conditions was measured, and the invasion and survival
of AM5447 in the human macrophage cell line THP-1 were
evaluated. The level of inflammatory cytokines and phagosome-
lysosome fusion as well as the transcriptome of macrophages
infected by AM5447 were analyzed to explore the role of PMT
in host-pathogen interaction.

MATERIALS AND METHODS

Bacterial Strains, Culture Media, and

Plasmids

The wild-type M. smegmatis mc?155 strain  (Wt), the
MSMEG_5447 gene knockout strain (AMS5447), and the
MSMEG_5447 gene complemented strain (Comp) were cultured
in liquid Middlebrook 7H9 broth containing 10% albumin-
dextrose—catalase (ADC), 0.05% Tween 80, and 0.5% glycerol
or in Middlebrook 7H11 solid medium supplemented with 10%
ADC and 0.5% glycerol. These bacterial strains were also grown
in LBT medium (LB broth containing 0.05% Tween 80) or LB
agar. Kanamycin (25 pg/ml) and hygromycin (50 pug/ml) were
used for the selection of appropriate strains. The Escherichia
coli-Mycobacterium shuttle plasmid pMind (Blokpoel et al,
2005) was used to overexpress MSMEG_5447 protein in the
AM5447 strain. The pCG76-GFP plasmid (Deng et al., 2016)
was used to express green fluorescent protein (GFP) in different
M. smegmatis strains.

Construction of MSMEG_5447 Gene

Complemented Strain (Comp)

The M. smegmatis mutant with MSMEG_5447 disruption,
AM5447, was constructed by using DNA homologous
recombination in our previous studies (Deng et al., 2016).
For constructing MSMEG_5447 gene-complemented strain
(Comp), the MSMEG_5447 gene (1551 bp) was amplified by
PCR from M. smegmatis mc2155 genomic DNA using a forward
primer (5’ AGCATATGACCGCCCTCGACACCGATAC3,
underlined is the Ndel site) and a reverse primer
(5'GTACTAGTCTAGTGATGATGGTGATGGTGGCGCCA-
GCTCGGCAACC3/, underlined is the Spel site). The PCR
product of the MSMEG 5447 gene was cloned to the
pJET1.2/blunt vector, yielding a pJET-MSMEG_5447 plasmid.
After confirmation by DNA sequencing, the MSMEG_5447 gene
was inserted into expression vector pMind, thereby generating
pMind-MSMEG_5447 plasmid. The pMind-MSMEG_5447
plasmid was transformed into AMb5447 electro-competent
cells, generating a MSMEG_5447 gene complementary strain,
Comp. The expression of His-tagged MSMEG_5447 protein
was induced by tetracycline (20 ng/ml) for 24 h and detected
by Western blot with a(anti)-polyhistidine clone HIS-1 (Sigma)
followed by AP-conjugated goat anti-mouse IgG (Proteintech,
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FIGURE 1 | Amino acid multiple-sequence alignment of O-mannosyltransferase in mycobacterium species. GenBank accession numbers: M. tuberculosis H37Rv:
CCP43752; M. tuberculosis H37Ra: ABQ72745; Mycobacterium avium: ANR90417; M. smegmatis: AFP41739; and M. abscessus: WP_005059031. The dark blue
box indicates 100% identical of amino acid sequence among five mycobacterium strains. The pink and sky blue colors indicate >75 and >50% similarity of amino
acid sequence among five mycobacterium strains, respectively. Two functional transmembrane domains of PMT were framed by the red box, and the conserved
PMT active site residues were marked with the black star based on the VanderVen study in 2005. Alignment was conducted using DNAMAN software.
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Rosemont, IL, United States) and finally visualized by using
NBT/BCIP solution.

ConA Lectin Blot of Bacterial Proteins
Whole-cell lysate (WCL), CW, cell membrane (CM), and soluble
(SOL) fractions were separated by differential ultracentrifugation
as described previously (Gibbons et al., 2007). Briefly, 100 ml of
bacterial cultures was harvested by centrifugation. The bacterial
cells were resuspended in 5 ml of lysis buffer (PBS pH 7.4,
1 mM phenylmethylsulfonyl fluoride) and lysed by sonication.
Lysates were centrifuged at 3,000 x g for 30 min to get WCL,
which was centrifuged at 27,000 x g for 30 min to obtain
the supernatant and CW pellet. The supernatant was then
centrifuged at 100,000 x g for 2 h to acquire the CM pellet and
SOL fraction. CW and CM fractions were resuspended in 0.5 ml
of lysis buffer. The concentration of proteins was determined by
BCA Protein Quantification kit (Vazyme, Nanjing, China). After
separation by SDS-PAGE, the gels was stained with Coomassie
Brilliant Blue R250 or transferred onto a nitrocellulose (NC)
membrane for 1 h. The NC membrane was blocked with
3% BSA in TBST buffer for 2 h at room temperature and
incubated with biotinylated ConA lectin (Vector Laboratories,
Burlingame, CA, United States) at 1:10,000 dilution at 4°C
overnight. After three times washing with TBST buffer, the
NC membrane was incubated with streptavidin-HRP (Beyotime
Biotechnology, Shanghai, China) at 1:20,000 dilutions for 1 h at
room temperature. Finally, the protein bands were visualized by
adding WesternBright ECL detection reagents (Advansta, Menlo
Park, CA, United States).

Macrophage Infection and
Colony-Forming Units (CFU)

Determination

THP-1 macrophage, a suspension cell line, was cultured in
RPMI 1640 (Gibco) medium supplemented with 10% fetal bovine
serum (FBS) (Lonsera) and penicillin-streptomycin (HyClone)
solution in a 37°C incubator with 5% CO,. THP-1 cells were
seeded into 12-well plates at a density of 5 x 10° cells/well
and differentiated into macrophages by inducing with 100 ng/ml
phorbol 12-myristate 13-acetate (PMA) for 24 h. Prior to
infection, the bacterial cultures of Wt, AM5447, and Comp
were centrifuged at 3000 x g for 5 min and the pellets were
resuspended in RPMI 1640 medium without antibiotic and FBS.
The THP-1 cells were washed with PBS and infected by Wt,
AM5447, or Comp at a multiplicity of infection (MOI) of 10
for 3 h. The THP-1 cells were washed with PBS three times to
remove extracellular bacteria and then cultured in RPMI 1640
medium with 10% FBS and 50 pg/ml gentamicin for 1 h to
completely remove the extracellular bacteria. This time point
was regarded as 0 h of post-infection. After that, the cells were
washed with PBS for three times and then cultured in RPMI
1640 medium with 10% FBS and penicillin-streptomycin for
an additional 24 h. For the colony-forming unit (CFU) assay,
the cells were lysed with 200 wl 0.03% SDS for 5 min. The
lysates with 10-fold serial dilutions were plated on the LB
agar plates, and the number of colonies was counted 2-3 days
later. For cytokine detections, the cell culture was collected
at 24 h post-infection and the production of cytokines was
analyzed by ELISA.
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Immunofluorescence Assay

The pCG76-GFP vector was electro-transformed to Wt, AM5447,
and Comp strains generating GFP-expressing Wt, AM5447, and
Comp strains, respectively. THP-1 cells were seeded on glass
slide in 24-well plates and stimulated with PMA (100 ng/ml)
for 24 h. The THP-1 cells were infected with GFP-expressing
Wt, AM5447, or Comp at an MOI of 10 for 3 h. The infected
cells were cultured in RPMI 1640 medium with 10% FBS and
5 pg/ml gentamicin for 2 and 24 h. The cells were washed
with PBS and fixed in 4% paraformaldehyde (PFA) for 20 min
at room temperature. The cells were permeabilized in 0.2%
Triton-X 100 for 5 min. For visualizing intracellular bacteria,
F-actin of cells was stained with rhodamine phalloidin for
30 min in the dark. For detecting the expression of lysosomal-
associated membrane protein 1 (LAMP-1) and NF-kB p65,
cells were fixed in 4% PFA and incubated with blocking
buffer (3% BSA) for 30 min. Then, the cells were incubated
with anti-LAMP-1 (Abgent, San Diego, CA, United States)
or anti-p65 (Proteintech, United States) antibody overnight
at 4°C. Finally, the coverslids were incubated with secondary
anti-rabbit antibodies conjugated to Alexa or FITC for 1 h
at room temperature. For observing the co-localization of
intracellular bacteria with lysosome, cells were incubated with
500 nM LysoTracker Red (Invitrogen) in RPMI 1640 medium
for 30 min and fixed in 4% PFA for 20 min. Fluoroshield
with DAPI (Abcam, Cambridge, MA, United States) was used
for staining nucleic acid. The co-localization of LAMP-1 or
lysosome with GFP-expressing bacteria was analyzed in more
than 100 cells. Images were visualized with a fluorescence
microscope (Olympus). Experiments were performed in two
independent experiments.

Resazurin Assay

Lysozyme resistance of bacteria was examined according to the
published method (Palomino et al.,, 2002). The mycobacterial
cell suspension was prepared by diluting the bacterial culture
in LBT broth at 1:5,000, and its accurate density was confirmed
by CFU counting on LB agar plates. The mycobacterial cell
suspension of 50 pl was added into 96-well plates followed by
adding 50 pl of lysozyme with two-fold serial dilutions. The well
containing bacteria without lysozyme were regarded as control.
After incubation for 24 h in a 37°C incubator, 100 .l resazurin
solution (1:1 mixture of 125 pg/ml resazurin and 10% Tween
80) was added to each well and the plate was incubated for
an additional 5-12 h for color development. The blue color
of resazurin dye changes to pink in the reducing environment
of living cells.

The Acidic Stress Assay

The LBT medium was prepared and adjusted to pH 5.0 by adding
HCI before sterilization by filtration using a 0.22-pm filter. The
bacterial cultures were diluted to an ODggg ,n of 0.5 in LBT
medium and added into acidic broth at 1:100 dilutions. After
incubation for 0, 12, 24, and 36 h, the viability of bacteria was
determined by plating bacteria at 10-fold serial dilutions on
LB agar plates and counting bacterial CFU 2-3 days later. The

growth of bacteria was also monitored by measuring ODggg nm at
an interval of 12 h after exposure to acidic broth.

Ethidium Bromide Accumulation Assay
Strains of Wt, AM5447, and Comp were grown in LBT medium
to an ODggg nm of 1.0. Cultures were washed and resuspended
with PBS containing 0.05% Tween 80. The ODggg nn of bacterial
suspension was adjusted to 0.5 with PBST, and 200 p1 suspension
was added to a 96-well black fluoroplate with three replicates.
Ethidium bromide (EB) at concentrations of 2 jLg/ml was added.
The EB accumulation of strains was measured in the BioTek
Synergy NEO with an excitation of 544 nm and emission of
590 nm. Fluorescence data was acquired for 1 h at an interval
of 5 min. All data from each well were normalized to the time
of zero reading. All experiments were repeated two times, and
similar results were obtained.

Quantitative Real-Time PCR (qPCR)

THP-1 cells were infected with Wt, AM5447, or Comp strain for
3 h and cultured for an additional 24 h. The infected cells were
harvested, and their total RNA was extracted using RNAiso Plus
(Takara, Mountain View, CA, United States) reagent according
to the manufacturer’s protocol. The cDNA was synthesized with
reverse-transcription of RNA (1 pg) by using the PrimeScript
RT Reagent Kit with genomic DNA Eraser (Takara). The cDNA
of 20 ng served as a template for quantitative real-time PCR
(qPCR). The reaction was performed in StepOnePlus Real-Time
PCR System (Applied Biosystems, Foster City, CA, United States)
using SYBR Green Premix Ex Taq II (Takara) and gene-specific
primers (Table 1). The amplification condition was as follows:
30 s at 95°C for initial denaturation, and 5 s at 95°C and 30 s
at 60°C for 40 cycles. The melting curve was used to confirm
the specificity of primers. All qPCR reactions were performed
for three independent experiments, and the relative expression
of specific genes was evaluated using the 2722 €T method.

Cytokine Measurement

The culture supernatant of infected cells was collected at 24 h
post-infection. The concentrations of tumor necrosis factor o
(TNF-a), interleukins (IL)-6, IL-12, and IL-10 were measured
by ELISA kits (Xinfan Biological Company, Shanghai, China)
following the manufacturer’s instructions.

TABLE 1 | Primers used in gPCR reactions.

Genes Primer sequences (5'-3')
TNF-a Forward: GCTGCACTTTGGAGTGATCG
Reverse: ACATGGGCTACAGGCTTGTC
IL-6 Forward: ACTCACCTCTTCAGAACGAATTG
Reverse: CCATCTTTGGAAGGTTCAGGTTG
NF-kB Forward: ATGGAGAGTTGCTACAACCCA
Reverse: CTGTTCCACGATCACCAGGTA
GAPDH Forward: AGCCTCAAGATCATCAGCAATG

Reverse: TGTGGTCATGAGTCCTTCCACG
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Protein Preparation and Western Blot
Analysis

The total proteins of THP-1 cells infected with Wt, AM5447,
or Comp strain were prepared at 24 h post-infection, and
the concentration of proteins was determined by a BCA
Protein Quantification kit (Vazyme). After separation of proteins
by SDS-PAGE, the proteins were transferred onto an NC
membrane. The membrane was blocked with 5% (w/v) non-
fat milk in TBST buffer for 2 h at room temperature and
incubated with primary antibodies, NF-kB p65 (Cell Signal
Technology, Danvers, MA, United States), pSer536-NF-kB p65
(Cell Signal Technology), or GAPDH (Proteintech), at 4°C
overnight. After washing three times with TBST buffer, the
membrane was incubated with appropriate HRP-conjugated
secondary antibody (Beyotime Biotechnology) for 1 h at
room temperature. Finally, the protein bands were visualized
by Western Bright ECL detection reagents (Advansta) and
quantified using Image] software.

Transcriptomic Analysis of Infected

THP-1 Cells by RNA Sequencing

For RNA sequencing, total RNA was extracted from THP-
1 cells infected with Wt and AMb5447 strain at 24 h post-
infection. Each group was performed in duplicate. The RNA
quantity and quality were evaluated using the Agilent 2100
bioanalyzer and agarose gel electrophoresis. The cDNA libraries
were constructed using NEB Next Ultra™ RNA Library Prep
Kit for Illumina (NEB, Ipswich, MA, United States), and the
libraries were sequenced on the Illumina HiSeq platform by
Novogene Bioinformatics Technology (Beijing, China). Clean
data were obtained by removing linker sequences and low-
quality bases from raw data. The clean reads were evaluated
by Q20, Q30, and GC contents and mapped to the human
transcriptome (RefSeq transcriptome index hg19). For analyzing
gene expression profiles, differentially expressed genes (DEGs)
of two groups were identified by using the DESeq2 R package
and an adjusted p-value < 0.05 as the threshold criteria. For
functional annotation, gene ontology (GO) enrichment analysis
of DEGs was implemented by the cluster Profiler R package
and the GO terms with corrected p-value less than 0.05 were
considered significantly enriched. Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis of DEGs was done in
the KEGG database'. Interactions of key genes that presented in
two enriched pathways were analyzed by STRING and shown
by Cytoscape software. The raw data of RNA-Seq with accession
number GSE128970 are available at the NCBI GEO database
(Edgar et al., 2002).

Statistical Analysis

The statistical analysis of data was performed by using GraphPad
Prism 8.0. Comparisons between groups were conducted by
the method of Student’s unpaired t-test or two-way ANOVA.
Data were shown as means + SD. p < 0.05 was considered as
statistical significance.

Uhttp://www.genome.jp/kegg/

RESULTS

Inactivation of MSMEG_5447 Impaired
M. smegmatis Growth and Its Protein

O-Mannosylation

To characterize the impact of PMT on physiology of the role of
M. smegmatis, MSMEG_5447 gene-complemented strain, Comp,
was constructed (Supplementary Figure 1). The growth of Wt,
AM5447, and Comp strain was measured in Middlebrook 7H9
broth and LBT medium. Our data showed that the growth
rate of the AMb5447 strain was significantly reduced in 7H9
broth (Figure 2A) and the colonies of AM5447 were small and
loose as compared to that of Wt (Supplementary Figure 2).
Interestingly, AM5447 had a similar growth rate to the Wt
and Comp strains in LBT medium (Figure 2B). Subsequently,
O-mannosylation of proteins in different subcellular fractions
was evaluated by differential centrifugation followed by ConA
lectin blot. As shown in Figure 2C, the level of O-mannosylation
of protein at 25-40 kD in CW and CM fractions of AM5447 was
reduced as compared to that of the Wt strain when the same
amount of samples was observed in Coomassie brilliant blue
staining gel. We also found that the level of O-mannosylation of
proteins around 70 kD had no differences in all fractions except
CM of the Wt and AM5447 strains. One possible explanation is
that the bands around 70 kD might derive from recognition of
a-glucose as ConA can recognize both a-mannose and a-glucose.
Furthermore, analysis of O-mannosylation in the supernatant
and pellet also indicated that O-mannosylation of proteins in the
AM5447 strain was decreased as compared to that of the Wt and
Comp strains (Supplementary Figure 3).

The Lysosomal Resistance of AM5447

Strain was Impaired

Exposure of bacteria in an acidic condition, in vitro, has been
specifically used to mimic the bacteria in acidic phagolysosome,
which was considered as a key strategy for the host to clear
bacteria during infection (Vandal et al., 2009). Therefore, the
effect of PMT deficiency on bacterial resistance to lysosome-
related stress was assessed in vitro in the LBT medium. The
growth of Wt, AM5447, and Comp strains in acidic LBT medium
(pH 5.0) was examined by monitoring ODggp and counting
bacterial CFU. As shown in Figure 3A, the growth of AM5447 in
acidic LBT medium was significantly reduced compared to that
of Wt and Comp strains after 24 and 36 h of incubation. The
CFU results showed that the AM5447 strain had a lower rate of
viability in acidic culture than those of Wt and Comp strains after
36 h of incubation (Figure 3B). The viability of Wt, AM5447,
and Comp strains under lysozyme stress was also determined
by resazurin microplate assay. M. smegmatis AM5447 showed
lower resistance to lysozyme (MIC = 313 pg/ml) as compared
to that of the Wt strain and Comp strain (MIC = 625 pg/ml)
(Figure 3C). The CW permeability was evaluated by measuring
the EB accumulation in Wt, AM5447, and Comp strains. The
results showed that EB accumulation was significantly increased
in AM5447 as compared with Wt strain, and that increase in
AM5447 was reversed in Comp strain (Figure 3D).
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The Viability of AM5447 in THP-1

Macrophages Was Reduced

To evaluate the impact of PMT deficiency on host-pathogen
interaction, THP-1 macrophage cells were infected with Wt,
AM5447, or Comp strain for 3 h and the invasion rate and
subsequent intracellular survival of bacteria at 24 h post-infection
was examined by CFU assay. As shown in Figure 4A, the
invasion rate of AM5447 strain exhibited a slight but not
significant reduction as compared to that of the Wt strain at
0 h post-infection. However, inside THP-1 cells, the survival of
AM5447 was significantly reduced as compared to that of the
Wt strain at 24 h post-infection, and this decline was reversed
in the Comp strain (Figure 4B). To further confirm the above
results, GFP-expressing bacteria and F-actin of macrophages
were visualized by fluorescence microscopy. As shown in
Figure 4C and Supplementary Figure 4, the percentage of
infected THP-1 cells had no significant difference among Wt,
AM5447, and Comp strains at 0 h post-infection. However,
24 h after infection, the relative fluorescence intensity of GFP
was significantly reduced in AM5447-infected THP-1 cells as

compared to the Wt- and Comp-infected cells (Figure 4D). These
data indicated that PMT inactivation decreased the survival of
M. smegmatis in macrophages.

AMb5447 Infection Impaired the
Production of TNF-« and IL-6 of
Macrophage

To explore whether PMT deficiency in mycobacteria could
affect the inflammatory response of infected macrophages, the
production of cytokines was evaluated by qPCR and ELISA.
We found that the expression of TNF-a (Figure 5A) and IL-
6 (Figure 5B) was significantly reduced in AM5447-infected
THP-1 cells as compared to Wt-infected THP-1 cells at the
transcriptional level. Consistently, ELISA results showed that
the secretion of TNF-a and IL-6 was significantly decreased
in AM5447-infected THP-1 cells (Figures 5E,F). There was no
difference on the transcription and secretion of IL-10 and IL-
12 when THP-1 cells were infected with Wt, AM5447, or Comp
strain (Figures 5C,D,G,H).
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AM5447 Infection Reduced the
Expression and Activation of NF-kB in
Macrophage

As a downstream executor of the signal transduction pathway,
nuclear factor NF-kB can be activated and thus increase the
expression of inflammatory-related genes (Pahl, 1999). To
determine whether NF-kB was affected in AMS5447-infected
macrophages, the expression and activation of NF-kB were
evaluated in macrophages at 24 h after infection with Wt,
AM5447, or Comp strain. The qPCR result showed that NF-kB
was down-regulated by 35% in AM5447-infected macrophages
as compared to Wt-infected macrophages, which was partially
reversed in Comp-infected macrophages (Figure 6A). Western
blot results showed that the phosphorylation of p65 (p-p65)
was reduced in AMS5447-infected macrophages as compared
to the Wt-infected macrophages (Figure 6B). Furthermore, the
activation of NF-kB was evaluated by detecting the translocation
of the p65 subunit to the nucleus. At 24 h infection, the nuclear
translocation of the p65 subunit was reduced in AM5447-
infected macrophages as compared to the Wt or Comp-infected
macrophages (Figure 6C). Taken together, our data indicated

that PMT deficiency impaired the inflammatory response of
macrophages stimulated by mycobacteria.

AMb5447 Strain Enhanced the

Phagolysosomal Fusion in Macrophages

Inhibition of phagosome-lysosome fusion is another effective
strategy used by Mitb to evade microbicidal activity of
macrophages (Carranza and Chavez-Galan, 2018). We proposed
that the reduced survival of AM5447 in macrophages was due
to the failure of blocking phagosome-lysosome fusion. To test
this possibility, THP-1 macrophages were infected with GFP-
expressing Wt, AM5447, or Comp strain and then stained with
LysoTracker Red which is a red-fluorescent dye to label acidic
lysosomes. The phagosome-lysosome fusion was assessed by
co-localization of lysosome with intracellular GFP-expressing
bacterial strains. As shown in Figure 7A and Supplementary
Figure 5A, Wt displayed 30% co-localization with LysoTracker
Red whereas AM5447 showed 77% co-localization (p < 0.05).
Comp showed 36% co-localization with lysosome which was
similar with Wt. To further assess the effect of MSMEG_5447
on phagosome-lysosome fusion, co-localization of intracellular

Frontiers in Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 657726


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Jiaetal.

Role of Mycobacterial Protein O-Mannosyltransferase

a
<

w
o
1

Invasion rate (%)
- N
o o
L L

o
1

10- e
L ————

Survival rate (%)
R E @ %
‘/*
*

1004

Infected cell (%)

&
2 25 »
» *%
2 —_
[} *
—_

T 2.0
9=

Q
@ ©1.57
(%]

o
™
5 :-31.0-
Q%
=
$ o5
2
S
[]
¢ 0.0

& A
* o s
& S

FIGURE 4 | AM5447 displayed impairment in survival ability in THP-1 cells. The invasion ability (A) and intracellular survival (B) of different M. smegmatis strains in
THP-1 macrophage were evaluated. Macrophage cells were infected with Wt, AM5447, and Comp strains at an MOI of 10. The infected cells were lysed by 0.03%
SDS at the indicated time, and the colonies were counted by CFU assay. The invasion rate of bacteria was calculated by the number of intracellular bacteria at O h

were performed by the method of two-tailed t-test ("p < 0.05, “*p < 0.01).

post-infection to the number of initial bacteria for infection. The percentage of intracellular survival of bacteria was evaluated by the intracellular bacteria at 24 h
post-infection to the number of 0 h of post-infection. The invasion and survival ability of bacteria in THP-1 macrophages were also determined by fluorescence
microscopy. Green fluorescence protein (GFP)-expressing plasmid and rhodamine-phalloidin dye were used to visualize the bacteria and macrophage F-actin
individually. (C) The bacterial invasion rate was evaluated by the percentage of cells containing GFP at O h post-infection. (D) The bacterial survival rate was
evaluated by the relative fluorescence intensity of GFP per cell at 24 h post-infection. The white arrows indicate a representative number of intracellular bacteria.
Scale bars, 20 um. A representative field was shown from two independent experiments. Data were shown as mean + SD of replicate wells; statistical analyses

GFP-expressing bacteria with LAMP-1 was observed under a
fluorescence microscope. LAMP-1 is delivered to phagosomes
during the phagosome maturation process and considered as
a late endosomal-lysosomal marker. As shown in Figure 7B
and Supplementary Figure 5B, Wt showed 17% co-localization
with LAMP-1 whereas AM5447 showed 58% co-localization
(p < 0.05). Comp showed 27% co-localization with LAMP-
1, which was not significantly different from Wt. In addition,
the expression of MR was observed in mycobacteria-infected
cells at 0 h of post-infection by flow cytometry in our

preliminary expreiment, showing that the expression of MR in
AM5447-infected cells was decreased as compared to that of
the Wt and Comp strains (Supplementary Figure 6). These
data indicated that PMT deficiency enhanced phagosomal
maturation in macrophages.

Transcriptome of AM5447-Infected
Macrophages Was Analyzed

RNA sequencing is a powerful tool in analyzing the gene
expression pattern of cells under specific physiological conditions
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FIGURE 5 | AM5447 strain decreased the production of pro-inflammatory cytokines in macrophage. THP-1 macrophages were infected with Wt, AM5447, and
Comp strains for 3 h at a MOI of 10. Total RNA of infected cells was extracted at 24 h post-infection, and the transcription levels of TNF-a (A), IL-6 (B), IL-12p40 (C),
and IL-10 (D) were measured by gPCR. Their mRNA levels were normalized by GAPDH mRNA. Culture supernatants were collected, and the production of TNF-a
(E), IL-6 (F) IL-12p40 (G), and IL-10 (H) was evaluated by ELISA. Data were shown as mean + SD of triplicate wells. Statistical analyses were performed by the
method of two-tailed t-test (*p < 0.05, **p < 0.01).

(Nalpas et al., 2015). To further confirm the effect of PMT
deficiency of M. smegmatis on macrophage infection, the
transcriptome of THP-1 cells infected with AM5447 or Wt strain
was analyzed by RNA sequencing at 24 h post-infection. As
shown in a Volcano plot, in total, 497 DEGs were identified
in AM5447-infected THP-1 cells using adjusted p-value < 0.05
as the threshold criteria as compared to the Wt-infected THP-
1 cells (Figure 8A and Supplementary Table 1). Among them,
173 genes were up-regulated and 324 genes were down-regulated.
ACOO04057 and EIF3C involved in transcription and translation
processes were most significantly up-regulated. The expressions
of TNF-a, NF-kB (NF-kB 1, NF-kB 2, NF-kB IA), and IFN-8
were down-regulated in AM5447-infected THP-1 cells. TNF-
o was most significantly down-regulated in all down-regulated
genes. In addition, chemokines CXCLI, 2, 3, 8, 10, 11, and 12
were also significantly down-regulated. To better understand the
effect of the AM5447 strain on macrophages, all DEGs were
further mapped to GO and KEGG databases. Totally, 464 out
of 497 DEGs were assigned to 841 GO terms, including 788
biological processes (BP), 25 cellular components (CC), and 28
molecular function (MF) terms. Typical GO terms are shown in
Figure 8B. Most of the BP categories were related to “response
to bacterium” and “positive regulation of CC movement.” The
two highest percentages of GO terms under the CC category
were “anchoring junction” and “adherens junction.” The mainly
enriched MF categories were “Transcription factor binding” and
“transcriptional activator activity.” The top 20 enriched KEGG
pathways are shown in Figure 8C, and some of them were
involved in inflammatory response such as NF-kB pathway, TNF
signaling pathway, NOD-like receptor signaling pathway, IL-17
signaling pathway, and Toll-like receptor signaling pathway.

The interaction of proteins that were enriched in at least two
pathways was analyzed using STRING. As shown in Figure 8D,
among 23 genes, NF-kB, JUN, and CXCLS8 played a core role in
enriched pathways.

Overall, these results demonstrated that PMT deficiency
reduced the intracellular survival of M. smegmatis, which was
associated with failure of inhibiting the phagosome-lysosome
fusion in macrophages. Meanwhile, lacking PMT also impaired
the capability of M. smegmatis to stimulate inflammatory
response in macrophages.

DISCUSSION

Protein O-mannosylation in Mtb is frequently found in
virulence-related secreted and cell-wall lipoproteins, which plays
a crucial role in Mtb pathogenicity (Birhanu et al., 2019). Despite
identification of Rv1002c as PMT in Mtb and demonstration
of its vital importance for the Mtb interaction with the host,
the current knowledge about this enzyme remains limited
and its characteristics in the process of infection have not
been fully elucidated so far. Previously, we found that the
M. smegmatis MSMEG_5447 gene knockout strain (AM5447)
failed to produce mannosylated protein Rv0431 (Deng et al,
2016). We supposed that the lack of PMT would exert profound
impacts on mycobacterial interaction with host innate immune
responses by regulating the O-mannosylation of proteins. In this
study, the AM5447 strain was utilized and its complementary
stain (Comp) was generated. We found that the AM5447 strain
displayed a lower level of O-mannosylation of proteins and
decreased resistance to lysozyme and acidic medium. We also
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FIGURE 6 | The expression and activation of NF-kB were decreased in AM5447-infected macrophages. THP-1 macrophage cells were infected with Wt, AM5447,
and Comp strains for 3 h. (A) The total RNA was extracted from infected THP-1 cells at 24 h post-infection, and the transcriptional level of the p65 subunit of NF-kB
was evaluated by gPCR. (B) The total protein was extracted from infected THP-1 cells at 24 h post-infection, and the protein levels of p65 and p-p65 were
determined by western blot. Densitometric analyses of images of WB have been presented. (C) The translocation of the p65 subunit of NF-kB from cytosol to
nucleus was evaluated by fluorescence microscopy at 24 h post-infection. The cells were fixed and stained with p65 antibody and DAPI. The white arrows indicate
the translocation of the p65 subunit of NF-kB. Scale bars, 50 wm. Data were shown in representative results from three independent experiments. Statistical
analyses were performed by the method of two-tailed t-test ("o < 0.05).

found that the survival of AMS5447 in THP-1 macrophage of mycobacterial infections. To clarify the function of proteins,
cells was impaired and its mechanism related to the failure of it is often used as an alternative host to express proteins of
inhibition for phagosome-lysosome fusion. pathogenic mycobacteria (Bashiri and Baker, 2015). Additionally,

Mpycobacterium smegmatis, a non-pathogenic mycobacterium, the results from Diaz-Silvestre et al. (2005) had shown that
has been widely used as a tool for the study of many aspects M. smegmatis could express Mtb 19-kDa antigen which was a
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FIGURE 7 | AM5447 stain failed to arrest the phagosome-lysosome fusion in infected macrophages. THP-1 macrophages were infected with green fluorescence
protein (GFP)-expressing Wt, AM5447, and Comp strains for 3 h at an MOI of 10. After 24 h of infection, cells were stained with LysoTracker Red for 30 min before
fixation (A) or incubated with a LAMP-1 antibody (B). The cells were visualized by fluorescence microscopy. The yellow color represented the co-localization of green
and red fluorescence, as shown in images. The white arrows indicate the co-localization of green and red fluorescence. Scale bars, 25 pm. Quantitation of
co-localization was shown as mean + SD in at least 100 random infected cells. NS, there was no statistically significant difference between groups. Statistical
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glycoprotein with O-mannosylation modification and promoted
bacterial adhesion to the macrophage via mannosyl residues.
It indicated that M. smegmatis has the same glycosylation
system as Mtb and can also be used to investigate recognition
and interaction with the host cells. Furthermore, PMT in
M. smegmatis shared 75% similarity with Mtb and have conserved
residues in active sites. In our study, we found that the growth
of AM5447 was different in LBT and 7H9 broth. We speculated
that different growth patterns of the AM5447 strain may be
due to different nutritional components. As Liu et al. reported,
the Rv1002c mutant was almost completely unable to grow
in 7H9 medium supplemented with dextrose only but just
displayed a slight growth delay in ADC-enriched 7H9 medium.
In order to eliminate the difference of the growth rate, the
Wt, AM5447, and Comp strains were cultured in LBT medium

in the following investigations. Previous studies have reported
that many glycoproteins and lipoglycoproteins are either CW-
associated or surface-exported proteins and depend on sec-
translocation. Indeed, in our study, the loss of PMT dramatically
reduced the level of O-mannosylation of proteins with 25-
40 kD in CW and CM fractions of M. smegmatis (Birhanu
et al,, 2019). Next, we demonstrated that O-mannosyltransferase
is dispensable for M. smegmatis survival during infection of
macrophages since the intracellular survival of AM5447 was
impaired during THP-1 infection. This finding is consistent with
the reports that inactivation of Rv1002c largely reduced the
intracellular survival of Mtb in THP-1 macrophage cells (Liu
etal., 2013). In our study, the phagocytosis rate between WT and
PMT-deficient M. smegmatis was similar. We speculated that it
was due to the combined effect of pathogen-associated molecular
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FIGURE 8 | Transcriptional profiles of macrophages during mycobacterial infection. THP-1 macrophage cells were infected with Wt and AM5447 strains for 3 h, and
the total RNA of THP-1 cells was extracted at 24 h post-infection. (A) Volcano plots of differentially expressed genes (DEGs) in AM5447-infected THP-1 cells as
compared to the Wt-infected THP-1 cells. The name of DEGs was annotated next to the dots. Blue, green, and red splashes represent genes without significant
change, significant down-regulation, and significant up-regulation, respectively. (B) Scatter plot of GO functional classification of the DEGS. The distributions are
summarized in three main categories: biological process (BP), molecular function (MF), and cellular component (CC). GeneRatio is the ratio of the DEG number to the
total gene number in each category. The color and size of the dot represent the range of the adjusted p-value and the number of DEGs mapped to the categories.
The top 10 functions in each category are shown in the figure. (C) Scatter plot of enriched KEGG pathways. GeneRatio is the ratio of the DEG number to the total
gene number in a certain pathway. The color and size of the dot represent the range of the adjusted p-value and the number of DEGs mapped to the indicated
pathways, respectively. The top 20 enriched pathways are shown in the data. (D) Interaction of key genes that presented in two pathways at least were analyzed by
STRING and shown by Cytoscape software. Green and red nodes represent the down- and up-regulated genes, respectively. The size of the node indicated the

pattern recognition receptors. The lack of O-mannosylation
in mycobacteria affects not only the recognition between
O-mannose residues with MR but also the recognition between
glycoproteins and their corresponding receptors. Several studies
revealed that some glycoproteins recognize TLR2 which also

influenced the phagocytosis (Jung et al., 2006; Pecora et al., 2006;
Drage et al., 2010). Additionally, it has been reported that the
lack of O-mannosylation can affect the localization of proteins,
and thus the change of localization of proteins will affect the
phagocytosis (VanderVen et al., 2005; Arya et al., 2013).
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Generally, as soon as Mtb enters into host cells, it will
be exposed to various environmental or physiological stresses
such as reactive oxygen or nitrogen intermediates, low pH,
hypoxia, and alveolar surfactant (Manganelli et al., 2004). Here,
our results demonstrated that the tolerance of AM5447 to
lysozyme and acidic condition was significantly reduced. It has
been reported that PMT deficiency increased CW permeability
of Mycobacterium abscessus leading to the reduction in anti-
tuberculosis drugs and lysozyme tolerance (Becker et al., 2017).
Consistently, CW permeability of AM5447 was also increased in
our study, indicating that the tolerant impairment of AM5447
might due to the increased CW permeability.

Macrophages play an essential role in the recognition,
digestion, and degradation of invading pathogens (Queval
et al,, 2017). Mtb could utilize multiple strategies to survive
and replicate within macrophages such as evasion of
recognition and phagocytosis, attenuation of macrophage
antigen presentation, interference with vesicular membrane
trafficking, and manipulation of innate immune responses (Liu
et al., 2017). By arresting the phagosome-lysosome fusion,
Mtb could evade degradation and survive in macrophages,
interfering cell immune defense (Carranza and Chavez-Galan,
2018). For example, protein tyrosine phosphatase PtpA secreted
by Mtb could dephosphorylate the protein VPS33B of infected
macrophages, leading to an inhibition of phagosome-lysosome
fusion (Bach et al., 2008). In our study, we found that PMT could
inhibit phagosome maturation as the phagosome containing
AM5447 increased the co-localization with lysosome and
LAMP-1. Our preliminary data showed that the expression of
MR was reduced in AMS5447-infected cells. Previous studies
reported that glycolipoproteins Pst-S1 and LpqH as adhesin
bound to the MR receptor promoting phagocytosis (Diaz-
Silvestre et al., 2005; Esparza et al,, 2015). Additionally, MR
activation by glycopeptidolipids and ManLAM of Mtb was
associated with arresting phagosome-lysosome fusion (Kang
et al,, 2005; Sweet et al., 2010). Therefore, we speculate that PMT
inhibits phagosome-lysosome fusion in a mannose receptor
(MR)-dependent manner.

Alonso et al. (2017) proposed that induction of pro-
inflammatory response was partially responsible for the impaired
survival of the Mtb PMT mutant in macrophages. Interestingly,
our qPCR and ELISA data showed that inactivation of PMT
in M. smegmatis decreased the production of IL-6 and TNF-a
in macrophages. Our data also showed that AM5447 decreased
the translocation of the p65 subunit to the nucleus and reduced
the activation of NF-kB in macrophages. Consistently, our
transcriptomic analyses revealed that inflammatory response-
related pathways were significantly down-regulated in AM5447-
infected macrophages. NF-kB plays a crucial role in inflammatory
responses, immunity, apoptosis, and host defense, and its
activation can induce a large number of inflammatory genes such
as iNOS, TNF-a, and IL-6 (Pahl, 1999; Chen et al., 2017). We
considered that production of pro-inflammatory cytokines was
reduced in an NF-kB-dependent manner in AM5447-infected
macrophages. The reduction of pro-inflammatory cytokines may
be because of loss of protein O-mannosylation, affecting the
TLR2-mediated pro-inflammatory response. It was reported that

many glycolipoproteins were ligands of TLR2, such as LpqH,
LprG, PstS-1, MPT83, and LprA (Noss et al., 2001; Gehring
et al., 2004; Pecora et al., 2006; Sanchez et al., 2009; Wang
et al, 2017). Based on the data we got so far, we are not
clear whether the reduced pro-inflammatory response caused
impairment of intracellular survival or not. The role of NF-kB
in host defense may depend on both microbial features and
host species. For example, Bai et al. (2013) have reported that
inhibition of NF-kB activation decreased the intracellular survival
of the mycobacterium in macrophage by promoting the apoptosis
and autophagy in THP-1 cells.

In summary, our studies revealed that PMT was necessary
for M. smegmatis survival within the macrophage and played a
key role in arresting the phagosome maturation. We also found
that the AM5447 mutant failed to activate the NF-kB pathway
and subsequent pro-inflammatory response in macrophages.
It is worth mentioning that PMT increased the tolerance of
M. smegmatis to acidic stress in vitro. It makes us speculate that
the protein O-mannosylation may also contribute to the survival
of M. smegmatis in acidic phagolysosome pH. More detailed
studies to clarify this mechanism are still needed. Since PMT
is a PMT controlling the level of protein O-mannosylation, our
study provides a new perspective to understand the impact of
O-mannosylation of proteins in host-pathogen interaction.
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Plasmodium parasites cause malaria disease, one of the leading global health burdens
for humanity, infecting hundreds of millions of people each year. Different glycans on the
parasite and the host cell surface play significant roles in both malaria pathogenesis and
host defense mechanisms. So far, only small, truncated N- and O-glycans have been
identified in Plasmodium species. In contrast, complex glycosylphosphatidylinositol
(GPI) glycolipids are highly abundant on the parasite’s cell membrane and are essential
for its survival. Moreover, the parasites express lectins that bind and exploit the host
cell surface glycans for different aspects of the parasite life cycle, such as adherence,
invasion, and evasion of the host immune system. In parallel, the host cell glycocalyx
and lectin expression serve as the first line of defense against Plasmodium parasites and
directly dictate susceptibility to Plasmodium infection. This review provides an overview
of the glycobiology involved in Plasmodium-host interactions and its contribution to
malaria pathogenesis. Recent findings are presented and evaluated in the context of
potential therapeutic exploitation.

Keywords: Plasmodium, glycans, glycobiology, glycosylphosphatidylinositol (GPI), O-glycans, malaria,

glycocalyx, host defense

INTRODUCTION

Malaria, the disease caused by the parasite Plasmodium, kills approximately 400,000 people each
year, the majority of which are children under the age of five (World Health Organization [WHO],
2020). While the number of cases declined for many years, a result of effective prevention and
therapy, recent years have witnessed a surge in case numbers due to increasing drug resistance
of the parasite and rapid population growth in the most severely affected countries (World
Health Organization [WHO], 2020). Plasmodium species generally display high specificity for
their respective host and among the five Plasmodium species that infect humans, Plasmodium
falciparum and Plasmodium vivax are by far the most common and lethal for humans (World
Health Organization [WHO], 2020). Other Plasmodium species infest non-human hosts, including
primates, rodents, birds and even reptiles with varying degrees of host specificity. For instance,
Plasmodium knowlesi infects both macaques and humans, showing an unusual degree of host
promiscuity, while Plasmodium reichenowi only infects chimpanzees. In mice, Plasmodium berghei,
Plasmodium yoelii, and Plasmodium chabaudi are the most relevant species that have been
extensively used as model organisms in malaria research (De Niz and Heussler, 2018).
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Plasmodium parasites have a complex life cycle involving
transmission by an insect vector to the human host where
parasites at the so-called sporozoite stage first infect the liver
and then develop into the blood stages of the parasite (Maier
et al., 2019). Inside the red blood cells (RBCs), parasites mature
from ring to trophozoite to schizont stage. At this stage, the RBC
ruptures, and merozoites emerge to start the next round of RBC
infection. A small number of parasites leave the cycle to form
gametocytes that are taken up by the insect vector during a blood
meal. Inside the vector, sexual reproduction of the parasite takes
place, and ookinetes develop into oocysts, while traversing the
mosquito midgut. Upon oocyst rupture, sporozoites are released
again and invade the mosquito salivary glands to infect the next
host (Maier et al., 2019).

Glycans denote the carbohydrate part of a glycoprotein or
glycolipid and consist of monosaccharides linked via glycosidic
bonds (Varki et al., 2017). At various life stages of the parasite,
glycans present on the surface of parasites and host cells
engage in host-parasite interactions (summarized in Table 1).
Glycosylphosphatidylinositol (GPI) glycolipids, produced by
the parasite in large quantities, contribute to severe anemia
and hyperinflammation in the host (Boutlis et al., 2005; Nebl
et al., 2005). Plasmodium also expresses small, truncated N/O-
glycosylations on its surface proteins (Bushkin et al, 2010;
Kupferschmid et al., 2017). However, the function of GPIs
and N/O-glycosylations for the parasite is still being debated.
At the host surface, sialic acid-containing N/O-glycans and
glycosaminoglycans (GAGs) studied in detail because they
are used by Plasmodium as docking sites for invasion and
cytoadherence (Orlandi et al., 1992; Pancake et al., 1992; Frevert
etal., 1993; Rogerson et al., 1995). In addition, the host glycocalyx
and several glycan-binding host proteins, so-called lectins, play a
critical role in host defense and malaria susceptibility (Barragan
et al., 2000; Hempel et al., 2014; Introini et al., 2018).

The complexity of glycan-protein interactions at the
Plasmodium-host interface is further increased by the large
number of different Plasmodium and host species and most
previous work examed the glycobiology of a few selected
Plasmodium species such as P. falciparum or P. berghei, further
hampering general conclusions. In this article, we mostly focus
on Plasmodium species that infest humans and rodents. We
review recent publications on the glycobiology aspects of the
Plasmodium life cycle with the aim to disentangle the glycan
interactions at the Plasmodium-host interface and to point out
possible intervention sites for malaria therapy.

Plasmodium GLYCOSYLATIONS

Biosynthesis and Metabolism

The common precursors for glycan biosynthesis are sugar
nucleotides from which monosaccharides are transferred to
nascent glycan chains, proteins or lipids by glycosyltransferases
(Varki et al., 2017). Sugar nucleotides generally consist of a
nucleotide, such as UDP, GDP, CMP, or CDP connected to a
monosaccharide. Metabolic labeling and liquid-chromatography
mass-spectrometry helped to identify pools of UDP-GIcNAc,

UDP-Glc, UDP-Gal, GDP-Man and GDP-Fuc in Plasmodium.
The size of these pools increased from ring to schizont stage
(Sanz et al, 2013; Lopez-Gutiérrez et al., 2017; Figure 1).
Interestingly, UDP-Glc, UDP-GIcNAc and GDP-Man amounts
were significantly higher in the sexual stages of the parasite
compared to the asexual blood stages (Figure 1), suggesting
that certain glycosylations are required for sexual reproduction
(Lopez-Gutiérrez et al., 2017).

GDP-Fuc is mostly formed through bioconversion of GDP-
Man but is not essential for parasite growth (Sanz et al,
2013; Sanz et al., 2016). In contrast, UDP-GIcNAc is essential
because a gene knockout of PfGNA1 (P. falciparum glucosamine-
phosphate N-acetyltransferase), involved in the pathway of UDP-
GlcNAc production, causes growth arrest of Plasmodium at the
late trophozoite stage (Chi et al., 2020). Parasite growth is rescued
by supplementing GlcNAc, implying that free GIcNAc can be
taken up from external sources (Chi et al., 2020).

Compared to mammals, P. falciparum evolved a more
promiscuous hexose transporter that imports both glucose and
fructose for glycan biosynthesis (Qureshi et al., 2020). This
observation is especially interesting considering that glucose
uptake is a rate-limiting step during glycolysis, the main energy
source for P. falciparum (Van Niekerk et al., 2016).

Sugar nucleotide trafficking and hexosamine biosynthesis
also play important roles in drug targeting and resistance.
For instance, a mutation in the UDP-Gal transporter gene
protects P. falciparum against imidazolopiperazines, a new class
of antimalarial compounds currently examined in clinical trials
(Lim et al., 2016). However, this resistance mechanism causes a
decrease in parasite fitness as mutants grow more slowly than the
wildtype in the absence of the drug (Lim et al., 2016).

On the other hand, inhibition of glucosamine-6-phosphate
production in the UDP-GIcNAc synthesis pathway with the drug
6-diazo-5-oxo-L-norleucine (DON) leads to growth arrest at ring
or late trophozoite stages, depending on the drug’s concentration.
P. berghei-infected mice survived longer when treated with DON
compared to untreated mice, thus indicating an essential role
of the sugar nucleotide for Plasmodium viability. Notably, the
protection was lost in mice co-injected with GIcN as GlcN is taken
up by the parasite directly and converted to GIcNAc, thereby
bypassing the DON-inhibited UDP-GIcNAc synthesis pathway
(Gomes et al., 2019).

Glycosylphosphatidylinositols

It was discovered more than 20 years ago that GPI glycolipids
are the most abundant glycans on the P. falciparum surface,
and many GPI-anchored proteins were identified as essential for
P. falciparum survival (Gerold et al., 1994; Gowda et al., 1997).
In addition to their protein-bound form, a major portion of
Plasmodium GPIs remains devoid of protein (Gerold et al., 1994;
Figure 1). These free GPIs contribute to the severity of malaria
symptoms and act as proinflammatory toxins, e.g., by inducing
TNFa production in macrophages (Schofield and Hackett,
1993). Plasmodium GPIs have a conserved core, consisting of a
phosphatidylinositol, whose fatty acid chains integrate into the
plasma membrane, and an oligosaccharide, composed of one
glucosamine (GIcN) followed by three or four mannose (Man)
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FIGURE 1 | Glycans at the sexual and asexual blood stages of Plasmodium. Merozoites recognize RBC GAGs via PFEMP1 and PfBAEBL, an essential interaction
for invasion. In addition to GAGs, Plasmodium binds to sialylated glycophorin A and C on the RBC surface in the sialic acid-dependent pathway of invasion. Sialic
acids are recognized by PFBAEBL and PfEBL-175 on the merozoite surface. After invasion, Plasmodium rings either proceed to the trophozoite stage or the
gametocyte stage for sexual reproduction (left). Possible gametocyte glycosylation remains to be investigated, but it is known that the levels of UDP-Gic and
UDP-GIcNAc are significantly increased at this stage, suggesting a high demand for these building blocks at the sexual life stages. Trophozoite surface glycoproteins
possess truncated O- and N-glycans with 1-2 GIcNAc moieties of unknown function. When progressing to the schizont stage, Plasmodium maintains these short
N-glycans and heavily expresses GPls, with and without anchored proteins. In addition, N-glycans on the infected RBC's surface decline, and sugar nucleotide levels
rise (blue arrows), suggesting that Plasmodium increasingly utilizes scavenging pathways to build up the required glycosylations. Upon rupture of the schizont,
protein-free GPIs are released together with the merozoites. These GPls are recognized by macrophages and induce a proinflammatory, toxic response, thereby
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TABLE 1 | List of all glycans with a role in Plasmodium infection.

Glycan Structure Location Function References
A antigen
al-3 __ B1-3__ Bl- R
al-2
B antigen Host RBCs Blood group antigens, co-receptors for |Barragan et al., 2000; Fry et al., 2008;
al-3 _ B1-3__pI-3 R rosette formation of infected RBCs Pathak et al., 2016; Vagianou et al.,
O i 2O 2018
al-2
H antigen
1-3__p1-3
B p R
al-2
aGal Plasmodium sporozoites Recognized by human Abs Ramasamy and Field, 2012; Yilmaz
:m—3:Bl4.R etal, 2014
C-manno-
sylation @ Trp Plasmodium TRAP Unknown Swearingen et al., 2016; Hoppe et al.,
2018
Chondroitin
sulfate

Heparan sulfate

Host cells and Anopheles salivary
gland

Recognized by Plasmodium CSP,
BAEBL and EMP1; involved in invasion,
rosette formation and cytoadherence of
infected RBCs; function in Anopheles
unknown

Frevert et al., 1993; Fry et al., 2008;
Bushkin et al., 2010; Goel et al., 2015;
Pathak et al., 2016; Kupferschmid

et al., 2017; Vagianou et al., 2018

High-mannose
N-glycan

Plasmodium-infected RBCs with
sickle-cell trait

Exposure due to parasite-induced
oxidative stress leads to macrophage
phagocytosis

Cao et al., 2021

O-fuco-sylation

P @-Ser/Thr
p-Ser/Thr

Plasmodium CSP, TRAP

Quality control during protein trafficking

Swearingen et al., 2016; Lopaticki
etal., 2017

Protein-free GPI

Plasmodium schizonts, in the
blood after schizogony

Proinflammatory, immunogenic toxin,
recognized by human Abs and TLR2/4

Gerold et al., 1994; Gowda et al., 1997

Sialylated Glycophorin A/C on RBCs Plasmodium invasion via Vogt et al., 2003; Kobayashi et al.,
glycans ’-R EBL-175/BAEBL 2010; Cao et al., 2021

Truncated Plasmodium Unknown Bushkin et al., 2010

N-glycan - 3174- Asn trophozoites/schizonts

Truncated Plasmodium trophozoites Unknown Kupferschmid et al., 2017
O-glycan

l-Ser/Thr

For each glycan, the table contains the structure, location, function and references. In case of heterogeneous glycans (e.g., GAGs), example structures are depicted.

residues. The third mannose carries a phosphoethanolamine
(PEtN) moiety that can covalently link the C-terminus of a

protein to the GPI.

Database mining recently identified a number of genes
involved in biosynthesis of the GPI anchor in Plasmodium. The

expression of the corresponding enzymes PIG-A, PIG-B, PIG-
O, GAA-1, and DPM-1 was validated by immunofluorescence

and most proteins were found to localize to the endoplasmic

reticulum (ER) (Delorenzi et al., 2002). Another study focused on
the addition of the fourth Man to the GPI anchor in Plasmodium.
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Since this step is catalyzed by the enzyme PIG-Z in mammals
that is absent in Plasmodium, the authors designed PIG-Z-
deficient lethal yeast mutants and examined which Plasmodium
genes can compensate for this knockout (Cortes et al.,, 2014).
In Plasmodium, the catalysis task of PIG-Z is undertaken by
PIG-B that is responsible for adding only the third Man in
mammals, indicating that Plasmodium evolved this additional
PIG-B functionality to preserve the fourth Man on its GPL

Further downstream, the GPI transamidase complex can
link proteins to the GPI anchor. Notably, mice infected with
P. berghei carrying a knockout of the PbGPI16 subunit of
the GPI transamidase showed less inflammation, and fewer
mice challenged with this knockout developed cerebral malaria
compared to the wildtype strain (Liu et al., 2018). These findings
corroborate the crucial role of Plasmodium GPIs in inflammation
and the development of severe malaria.

In recent years, the immunogenicity of different parts
of the GPI core structure was examined in more detail.
Immunizing rabbits with synthetic GPI glycoconjugates yielded
polyclonal sera capable of binding to native Plasmodium GPIs
(Gurale et al., 2016). Vaccinating mice with glycoconjugates
composed of synthetic GPI substructures conjugated to a
carrier protein revealed the Mans-PEtN fragment to be highly
immunogenic, while the presence of the fourth Man reduces
immunogenicity (Malik et al., 2019). However, only the complete
GPI core, also containing GlcN and inositol phosphate (InoP),
induced neutralizing antibodies that conveyed protection against
P. berghei infection. Mice immunized with PEtN-Many-GIcN-
InoP showed increased survival, and their TNFa levels stayed low
(Malik et al., 2019).

These observations corroborate results obtained from
analyzing the naturally elicited antibodies in humans from
malaria-endemic regions (Naik et al., 2006; Kamena et al., 2008).
Antibodies (Abs) from human serum required the Man3-GIcN-
InoP substructure as minimal antigen, as binding was lost when
shortening the Man chain (Kamena et al., 2008). Similar to
mice, the fourth Man did not contribute to antigenicity (Naik
et al., 2006). While serum Abs were found to be predominantly
directed against the Man core glycan, complete binding was
only achieved with the full structure, containing both glycan
and lipid moieties (Naik et al., 2006). Comparing serum samples
taken at the end of the wet and dry season revealed that Ab
titers against Plasmodium GPIs were generally increased after
the wet season, indicating a correlation with malaria incidence
(Kamena et al., 2008).

Since the majority of malaria-caused deaths occur in children
below 5 years of age (World Health Organization [WHO],
2020), several studies also examined the anti-GPI Ab titer in
serum obtained from young children. Abs targeting Plasmodium
proteins can be already found in serum from children
<12 months, but anti-GPI Abs are only acquired at >18 months
of age (Tamborrini et al., 2010). Ab titer correlated with severity
of malaria as children with only mild symptoms had Abs even
against truncated GPIs but showed less response against the full
structure. In contrast, Abs from children with severe symptoms
did not recognize truncated GPIs but showed a stronger response
against the full structure (Tamborrini et al., 2010). Confirming

these observations, high IgG titers against Plasmodium GPIs were
found in children with enlarged spleens and a recent episode
of severe malaria, but low titers in asymptomatic or uninfected
children (Franca et al., 2017).

Abs in the serum of humans from malaria-endemic regions
may be used to neutralize GPIs. GPI-induced TNFa production
and CD40 upregulation in macrophages were efficiently inhibited
by purified GPI-targeting IgGs from individuals with a high anti-
GPI Ab titer (De Souza et al., 2010). However, the neutralization
capacity of these Abs was reduced when activating macrophages
with schizont extract instead of pure GPIs, suggesting that GPIs
are not the only proinflammatory toxin present in schizonts
(De Souza et al., 2010).

A number of host proteins have been identified as interaction
partners of Plasmodium GPIs. One major GPI-induced
signaling pathway involves Toll-like receptor 2 (TLR2) as GPIs
almost completely fail to activate TLR2-deficient macrophages
(Krishnegowda et al., 2005). To a lesser extent, GPIs can also
induce signaling via TLR4. Supporting evidence comes from
competition assays with anti-TLR2 and anti-TLR4 antibodies,
that successfully inhibited GPI-induced cytokine secretion
(Krishnegowda et al., 2005). In addition, recent molecular
docking and dynamics simulations unveiled that both Man
and lipid moieties engage with TLR2, thereby inducing and
stabilizing the formation of TLR2-TLR1 heterodimers (Durai
et al., 2013). To downregulate GPI-induced signaling, the host
can degrade free GPIs with phospholipases in the serum or on
the macrophage surface (Krishnegowda et al., 2005).

These observations are validated by the finding that also
CD36, a TLR2-cooperating receptor, plays an important role
in GPI-induced inflammation (Patel et al, 2007). Upon
stimulation with GPIs, CD36-deficient macrophages showed
reduced phosphorylation of MAPK effectors, reduced TNFa
secretion and reduced phagocytosis of Plasmodium-infected
RBCs compared to the CD36-expressing control cells (Patel
et al.,, 2007). CD36 knockout mice were more susceptible to
severe malaria with earlier spikes in parasitemia and increased
mortality, highlighting the importance of this signaling pathway
for host defense against malaria (Patel et al., 2007). Plasmodium
GPIs also interact with the host protein moesin in vitro.
However, moesin-deficient mice were not protected against
cerebral malaria and still showed Plasmodium-induced cytokine
secretion (Dunst et al., 2017).

In the field of vaccine development, a recent study investigated
a GPI-conjugate vaccine for malaria transmission blocking.
The protein Pfs25, a Plasmodium surface antigen and initially
promising candidate for a transmission blocking vaccine, lacked
potency in clinical trials. To improve its efficacy, Pfs25 was
conjugated to a synthetic GPI fragment, comprised of PEtN,
the Manj3-GlcN-glycan core and the inositol moiety without
lipids (Kapoor et al., 2018). The PEtN moiety was functionalized
with dibenzocyclooctyne, enabling conjugation to Pfs25 via click
chemistry. The authors demonstrated that Pfs25-GPI induces
higher Ab titers in the serum than unconjugated Pfs25. Abs
induced by Pfs25-GPI were able to almost completely abolish
Plasmodium transmission in membrane-feeding assays with
mosquitoes, where Abs raised against unconjugated Pfs25 failed.
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Plasmodium GPIs thus hold great potential for the enhancement
of existing protein-based vaccine candidates against malaria
(Kapoor et al., 2018).

N-Glycans

N-Glycans are linked to proteins via an N-glycosidic bond to
asparagine. In eukaryotes, N-glycosylation starts with a GIcNAc
moiety that is extended in a conserved, multi-step pathway in
the ER and Golgi to complex, branched carbohydrate structures
(Varki et al., 2017).

The presence of N-glycans in Plasmodium has been under
debate for several decades. While evidence from metabolic
labeling and enzymatic glycan cleavage experiments indicated the
absence of N-glycans in P. falciparum (Dieckmann-Schuppert
et al, 1992), the presence of long N-glycans as GlcNAc,,
Man3GlcNAc,, and MangGlcNAc; at the ring and trophozoite
stage of Plasmodium was reported (Kimura et al., 1996). A recent
analysis of the Plasmodium genome suggested that Plasmodium
can express most subunits of the oligosaccharyl transferase
complex (OST; Tamana and Promponas, 2019), needed to link
N-glycans to the asparagine of a protein, but evidence for
OST expression has not been provided so far. Based on the
Plasmodium genome, Bushkin et al. (2010) predicted that the
parasites are only able to produce short N-glycans of two
GlcNAc moieties at most (Figure 1). Indeed, metabolic labeling
with tritiated GIcN confirmed that GIcNAc and GIcNAc, are
produced by Plasmodium, and the GlcNAc-recognizing lectin
GSL-II showed binding to numerous P. falciparum glycoproteins
which was lost after N glycosidase treatment (Bushkin et al.,
2010). GSL-II preferentially localizes to the rhoptry organelle
of Plasmodium and, to a lesser extent, to the ER and cell
surface, but does not recognize the apicoplast, food vacuole
or parasitophorous vacuole. These findings indicate that N-
glycosylation in P. falciparum is mostly found on the rhoptry,
ER and cell surface, but its respective biological function
remains a mystery.

O-Glycans

O-Glycans are attached to serine or threonine residues of
proteins via an O-glycosidic bond. O-Glycosylation generally
takes place in the Golgi apparatus and begins with a GalNAc
moiety. Early glycomics experiments revealed the presence of
O-glycans in Plasmodium-infected RBCs (Dieckmann-Schuppert
et al, 1993). Instead of the canonical GalNAc, the reducing
end of Plasmodium O-glycans is composed of a GIcNAc moiety.
GlcNAcylation in P. falciparum was confirmed by the discovery
of a Plasmodium O-GlcNAc transferase (Dieckmann-Schuppert
et al., 1993) and by successful purification of O-GlcNAcylated
proteins from isolated P. falciparum parasites (Kupferschmid
et al., 2017). At least 13 glycosylated proteins were identified,
including Hsp70 and a-tubulin.

O-Fucosylation

A proteome-wide mass spectrometry screen of sporozoite
surface  proteins revealed that Plasmodium is also
capable of O-fucosylation (Lopaticki et al., 2017), as this
modification was identified on the two Plasmodium proteins

circumsporozoite protein (CSP) and thrombospondin-
related anonymous protein (TRAP; see Figure 2).
O-Fucosylation is a non-canonical modification carried out
by O-fucosyltransferases at special consensus sequences,
including the thrombospondin type 1 repeats found in CSP and
TRAP (Holdener and Haltiwanger, 2019).

While CSP appeared both with and without fucosylation,
TRAP was only present in glycosylated form, modified
either with a single fucose or a glucosylfucose dimer.
These observations were validated by the discovery of an
O-fucosyltransferase in P. falciparum (POFUT2), that is
responsible for CSP and TRAP glycosylations and essential
for mosquito midgut colonization of P. falciparum sporozoites
(Lopaticki et al., 2017).

C-Mannosylation

Interestingly, TRAP was also found to be C-mannosylated
(Swearingen et al., 2016; Hoppe et al., 2018), a rare glycosylation
form where a mannose moiety is attached to the indole ring
of a tryptophan (Figure 2). This modification is catalyzed
in Plasmodium by the C-mannosyltransferase DPY19 but is
not essential for parasite survival as depletion of DPY19 does
not impair proliferation and development during the asexual
blood stages (Hoppe et al., 2018; Lopez-Gutiérrez et al., 2019).
Since both proteins are important vaccine targets, it has
been hypothesized that their glycosylations may impact the
antigenicity of CSP and TRAP (Swearingen et al., 2016).

a-Gal Antigen

The trisaccharide a-gal (Gala1-3Galp1-4GlcNAc-R, also known
as Galili antigen) was found on Plasmodium sporozoites (Yilmaz
et al.,, 2014; Figure 2). While humans have lost the ability to
synthesize this glycan due to inactivation of the al,3GT gene,
many organisms express this glycan, including bacteria found in
the human gut microbiota. Therefore, human serum contains
large quantities of naturally occurring a-gal Abs. Interestingly,
the presence of a-gal Abs in humans from malaria-endemic
regions correlated with a lower risk for Plasmodium infection
(Yilmaz et al, 2014). Anti-a-gal Abs activate complement-
dependent cytotoxicity against Plasmodium sporozoites and
inhibit hepatocyte invasion in vitro. Vaccination of al,3GT-
depleted mice with a-gal conveyed protection against malaria
transmission in vivo (Yilmaz et al, 2014). «a-Gal surface
expression is lost on the later, asexual blood stages of Plasmodium
(Ramasamy and Field, 2012), rendering o-gal an attractive
candidate for a transmission blocking vaccine, possibly in
combination with other Plasmodium antigens.

HOST GLYCANS
ABO Antigens

The ABO antigens are carbohydrate portions of glycoproteins
and glycolipids that terminate with different monosaccharides.
Terminal N-acetylgalactosamine or galactose determine the A
or B blood group, respectively. These sugars cap the core
structure Fuc(al1-2)Gal(B1-3)GIcNAc(B1-3)Gal called the H
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FIGURE 2 | Glycans at the mosquito and liver stages of Plasmodium. (A) Ookinetes carry short O-GlcNAcylations on glycoproteins on their surface which
presumably bind to the C-type lectins CTL4 and CTLMAZ2, thereby preventing melanization through the mosquito’s immune system. After oocyst rupture at the
mosquito midgut, released sporozoites express the glycoproteins TRAP and CSP. Both proteins are O-fucosylated and can interact with GAGs on the surface of
Anopheles salivary gland cells, although this interaction is dispensable for salivary gland penetration. (B) Upon arrival at the liver, CSP and TRAP bind to the GAGs on
hepatocytes which is a prerequisite for hepatocyte invasion. Sporozoites have been found to express the aGal antigen that elicits a high Ab titer in humans. This is

particularly interesting as vaccination of mice with aGal conveyed protection against malaria transmission.

antigen (Table 1). The A and B antigens are produced by
human ABO transferase, which transfers GalNac or Gal onto
the core structure, depending on missense single nucleotide
polymorphisms in the ABO gene. Inheriting two null copies
of the ABO gene results in the O blood group (the H
antigen remains uncapped). Glycoproteins and glycolipids
carrying the ABO antigens are present on the surface of
RBCs, endothelial, and epithelial cells (only in secretors)
(Yamamoto et al., 1990).

Decades ago, epidemiological data from malaria-endemic
regions suggested that the severity of malaria depends to
some extent on the blood group [reviewed in Cserti and
Dzik (2007) and Uneke (2007)]. However, different serological
studies produced ambiguous results, requiring a more precise

examination method. Genotyping almost 10,000 individuals
found that individuals with blood groups A, B, and AB are more
susceptible to severe malaria than blood group O (Fry et al,
2008), validating previous conclusions (Cserti and Dzik, 2007;
Uneke, 2007).

The molecular basis for blood-group-dependent differences
was investigated as well (Figure 3A). Rosetting, the ability of
P. falciparum-infected RBCs to build clusters with uninfected
RBCs, is one determinant for severe malaria and has been
suggested to involve blood group antigens (Barragan et al., 2000).
When examining rosette formation of multiple clinical isolates of
P. falciparum, the majority of isolates preferred blood group A
or B, but none preferred blood group O (Barragan et al., 2000).
Rosette formation in the preferred blood group was inhibited by
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Rosette formation

FIGURE 3 | Glycan-dependent interactions between Plasmodium-infected RBCs and uninfected host cells. (A) Infected RBCs form rosettes with uninfected RBCs,
thereby becoming invisible for the host’s immune system. Depending on the blood group, Plasmodium uses different surface proteins for rosetting. PFEMP1
recognizes O-type RBCs, while A-RIFIN binds to A antigen. Independent of the blood group, PFEMP1 also interacts with RBC GAGs for rosette formation that can
be efficiently inhibited by adding soluble GAGs in vitro and in vivo. (B) Infected RBCs adhere to endothelial cells to avoid blood clearance. The interaction between
PFEMP1 and GAGs, predominantly heparan sulfate, is crucial for cytoadherence of infected RBCs. On the other hand, it was shown that an intact endothelial
glycocalyx conveys protection against Plasmodium cytoadherence as severe malaria symptoms are preceded by degradation of the endothelial glycocalyx.
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addition of the respective soluble blood group antigen, and the
blood group preference was lost after treatment of RBCs with
glycosidases (Barragan et al., 2000). Blood group antigens A and
B thus appear to be important co-receptors for rosette formation
of infected RBCs.

ABO-decorated giant unilamellar vesicles (GUVs) were
used as RBC mimetics to examine rosette formation
(Vagianou et al., 2018). A- and O-type GUVs participated
in rosettes, but not B-type GUVs, and rosetting of O-type
GUVs was inhibited with anti-PfEMP1 Abs. Therefore, the
different blood groups involve at least two distinct pathways
for rosette formation: PfEMP1-dependent for O-type RBCs or
PfEMP1-independent for A-type RBCs, respectively (Vagianou
et al., 2018; Figure 3A). The PfEMP1-independent rosetting
pathway involves the Plasmodium protein A-RIFIN (repetitive
interspersed families of polypeptides) instead (Goel et al., 2015).
Indeed, CHO cells that overexpress A-RIFIN from Plasmodium
sequester A-type RBCs but do not bind to B- or O-type RBCs
(Goel et al., 2015).

In vitro invasion experiments with blood from the rare
Bombay type OP that lacks the H antigen of blood group
O revealed that OP-type RBCs, i.e., without any blood group
antigens, are more resistant to Plasmodium than blood group
O (Pathak et al.,, 2016). This resistance was emulated in O-type
RBCs by the addition of lectins against H antigen, suggesting that
the presence of a blood group antigen is essential for P. falciparum
invasion (Pathak et al., 2016).

Glycosaminoglycans
Glycosaminoglycans  (GAGs) are extracellular — matrix
components of mammalian cells, consisting of acidic

disaccharide repeating units which show varying degress of
sulfation. GAGs have many crucial functions in humans,
including cell-cell adhesion and tissue integrity but also tissue
hydration and elasticity (Varki et al., 2017).

During Plasmodium infection, CSP recognizes the GAGs
heparan sulfate and chondroitin sulfate on the surface of human
hepatocytes and RBCs (Pancake et al, 1992; Frevert et al,
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1993; Rogerson et al., 1995; Figures 1, 2B). The addition of
soluble GAGs in vitro and in vivo can inhibit this interaction
and thereby prevent sporozoite invasion in human cells, raising
hopes for the therapeutic exploitation of GAGs (Pancake et al.,
1992). Interestingly, heparan sulfate and chondroitin sulfate
are also present in the salivary glands of Anopheles gambiae
but seem dispensable for sporozoite invasion in the mosquito
(Figure 2A). Silencing of the GAG synthesis enzyme AgOXT1
only marginally reduced sporozoite invasion, indicating that
additional interactions contribute to Plasmodium invasion in the
mosquito midgut (Armistead et al., 2011).

At the blood stages of the Plasmodium life cycle, GAGs have
been implicated in rosette formation (Figure 3A) and adherence
of infected RBCs to the human placenta during pregnancy, as
soluble GAGs disrupt both processes (Fried and Duffy, 1996;
Barragan et al., 1999; Chotivanich et al., 2012). The inhibitory
effect of GAGs on rosetting strongly depends on the sulfation
state of the glycans (Barragan et al., 1999). Adherence of infected
RBCs to placental cells involves the unsulfated GAG hyaluronic
acid (HA; Beeson et al., 2000). Since CD44 on RBCs is a known
HA receptor, whose recognition of HA can be manipulated by
differential glycosylation (Katoh et al., 1995), it is conceivable that
CD44 might also be involved in placental adherence of infected
RBCs. Furthermore, CD44 mediates adherence of infected RBCs
to brain endothelial cells in cerebral malaria via the GAG
chondroitin sulfate (Jurzynski et al., 2007). Notably, a knockout
of CD44 in RBCs inhibited Plasmodium invasion as well,
suggesting a broader role of CD44 in the life cycle of the parasite
(Kanjee et al., 2017). In addition to GAGs, adherence to placental
cells might also involve interaction with Lewis glycan antigens,
further complicating the matter (Hromatka et al., 2013).

In order to gain insights on the localization and identity of
heparin-binding Plasmodium proteins, the heparin interactome
has been examined by mass spectrometry and immunoblots
(Kobayashi et al., 2013; Zhang et al., 2013, 2014). All identified
proteins were part of the Dufly and reticulocyte binding-
like families (Kobayashi et al., 2013). Staining of merozoites
with biotinylated heparin for confocal microscopy revealed that
heparin localized mostly to the apical tip and the rhoptry
organelle of the parasite which causes invasion inhibition
(Kobayashi et al., 2013; Zhang et al., 2013). Heparin also inhibits
merozoite egress during schizogony, by blocking Plasmodium-
induced RBC membrane pores through simultaneous binding
to the inner RBC membrane and the merozoite surface
(Glushakova et al., 2017).

Two Plasmodium proteins highlight the crucial importance of
GAG interactions for the parasite: PFEMP1, found on infected
RBCs, plays an essential role in GAG-dependent cytoadherence
(Vogt et al., 2003; Figure 3B) and rosette formation (Vagianou
et al., 2018; also see previous section) as its DBL1a. domain
can recognize heparan sulfate on the surface of epithelial cells
and anti-PfEMP1 Abs disrupt rosetting. Heparan sulfate on
the RBC surface is recognized by the protein PfBAEBL that
also binds sialic acids on RBCs (see next section), suggesting
an alternative recognition pathway independent of sialic acid
(Kobayashi et al., 2010).

Considering that heparin is a widely used drug, the
inhibitory effect of soluble GAGs against Plasmodium invasion
and cytoadherence raised hopes for a potential therapeutic
exploitation. However, the strong anticoagulating activity of
heparin poses a risk for possible antimalarial use because
it can cause undesired bleeding. Recent studies examined
heparin-like alternatives, in search for compounds without
anticoagulating activity but an inhibitory effect on Plasmodium
invasion. Heparin-like polysaccharides isolated from the capsule
of the E. coli K5 strain were tested for anti-invasive effects
(Boyle et al., 2010). The compound repertoire was expanded
by chemical modification of the K5 polysaccharides and
heparin, and the key properties of a suitable drug were
identified (Boyle et al., 2017). For optimal antimalarial activity,
heparin-like molecules (HLMs) should contain at least six
monosaccharides and two sulfations per repeating unit with
disulfation of a HexA or GIcNAc moiety (Boyle et al,
2010, 2017). Chemical modification (e.g., hypersulfation) can
improve invasion inhibition and lower the anticoagulating effect
(Boyle et al., 2017).

Based on these results, semi-synthetic non-GAG HLMs
with antimalarial activity but little anticoagulating activity
were successfully developed (Skidmore et al, 2017). The
antimalarial activity of such non-GAG HLMs apparently depends
on sulfation as the non-GAG HLMs showing the highest
inhibition of Plasmodium cytoadherence, glycogen type 2 sulfate
and phenoxyacetylcellulose sulfate, are both heavily sulfated
(Skidmore et al., 2017).

Heparin-like molecules also proved beneficial against blood-
brain barrier (BBB) breakdown in an in vitro model of
cerebral malaria (Moxon et al., 2020). Accumulation of
parasite and RBC histones at the brain endothelium, likely
released during schizont rupture, leads to BBB disruption.
HLMs prevent histone-induced BBB breakdown, suggesting
yet another pathway for therapeutic application of HLMs
(Moxon et al., 2020).

Naturally derived HLMs from marine organisms were
examined for their antimalarial efficacy. Heparan sulfate isolated
from lion’s paw scallops and fucosylated chondroitin sulfate
isolated from sea cucumbers efficiently inhibit merozoite
invasion and cytoadherence in vitro (Bastos et al., 2014, 2019).
Both GAGs can be readily obtained from natural sources and
showed less anticoagulating activity than heparin. Additional
HLMs were purified from other types of sea cucumber, red
algae and marine sponges, with the majority of marine HLMs
exhibiting antimalarial activity on a similar level as heparin
but with less anticoagulating side effects (Marques et al., 2016).
HLM injection also conveyed protection against P. yoelii in vivo
as infected mice showed increased survival and decreased
parasitaemia in the serum when injected with marine HLMs.
Interestingly, surviving, HLM-treated mice displayed high Ab
titers against P. yoelii antigens and survived re-challenge with
the parasite after several months without any HLM treatment.
It is thus conceivable that because HLMs disrupt merozoite
invasion, the parasites become more exposed to the immune
system (Marques et al., 2016).
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Sialic-Acid-Containing Glycans

Sialic acids are a group of sugars that commonly cap the
termini of N- and O-glycan chains. The predominant sialic
acids in mammals are N-acetylneuraminic acid (Neu5Ac) and
N-glycolylneuraminic acid (Neu5Gc). While most mammals
synthesize Neu5Gc from Neu5Ac, humans lack the respective
hydroxylase due to a mutation in their CMAH gene and thus do
not possess sialic acid in the Neu5Gc form (Chou et al., 1998).

Starting from the mid-1980s, evidence for an interaction
between the P. falciparum erythrocyte-binding antigen 175
(EBA-175) and sialic acid on the host protein glycophorin A
(Camus and Hadley, 1985; Orlandi et al., 1992; Sim et al., 1994)
was unearthed. This interaction is crucial for RBC invasion
in the so-called sialic-acid-dependent pathway (Figure 1) and
was validated by structural data, showing that Neu5Ac(a2-
3)Gal is making essential contacts to EBA-175 (Tolia et al,
2005). Data derived from glycosylation mutants of glycophorin
A revealed that an O-glycosylation motif encoded by exon 3
is critical for invasion via the sialic-acid-dependent pathway
(Salinas et al., 2014).

The interaction between the polymorphic EBA-140 and
glycophorin C also contributes to invasion via the sialic-acid-
dependent pathway (Lobo et al, 2003), and a structure of
EBA-140 in complex with sialic acid confirms this interaction
(Malpede et al., 2013). An N-glycan on glycophorin C that was
subsequently identified, is recognized by one variant of EBA-140,
suggesting that not only O-glycans are involved in the sialic-acid-
dependent pathway of invasion (Mayer et al., 2006). When both
glycophorin A and C are enzymatically cleaved, P. falciparum
binds to glycophorin B for invasion (Dolan et al., 1994). Although
glycophorin B shows a high degree of sequence similarity to
glycophorin A, it is not recognized by EBA-175 but by the
Plasmodium protein EBL-1 instead (Li et al., 2012).

Some strains of P. falciparum are capable of invading RBCs
after enzymatic cleavage of sialic acid with neuraminidase,
proving the existence of an alternative, sialic-acid-independent
pathway (Hadley et al., 1987). Even strains that usually depend
on sialic acid for invasion can switch to the independent pathway
when EBA-175 is depleted (Duraisingh et al., 2003).

Both pathways can be efficiently targeted by Abs against EBA-
175 and RH5, a protein involved in the sialic-acid-independent
pathway (Rodriguez et al., 2008). Ord et al. (2012) raised Abs in
mice against both proteins and found that these Abs can block
invasion. However, only the anti-RH5 Ab inhibited invasion of
neuraminidase-treated RBCs, demonstrating that the sialic-acid-
independent pathway needs to be disabled as well to hamper
invasion. Recent evidence suggests another protein to participate
in the sialic-acid-dependent pathway: P. falciparum rhoptry
associated adhesin (PfRA), that is only expressed at the schizont
stage and localizes to the apical merozoite surface during RBC
invasion (Anand et al., 2016). PfRA fails to bind neuraminidase-
treated RBCs, and RBC invasion can be inhibited by anti-PfRA
Abs (Anand et al., 2016).

Plasmodium knowlesi can transmit from Neu5Gc-producing
macaques to humans, raising questions about the sialic-
acid-dependent invasion pathway of this Plasmodium species
(Dankwa et al., 2016). When reconstituting the CMAH enzyme

in human RBCs, CMAH+ RBCs become more susceptible
to P. knowlesi invasion, and Neu5Gc-containing receptors are
specifically recognized by the P. knowlesi proteins DBPB and y
(Dankwa et al,, 2016). A human-adapted strain of P. knowlesi
did not require Neu5Gc and lost DBPy expression, suggesting
a shift toward sialic-acid-independent invasion due to selection
pressure (Dankwa et al., 2016). Other Plasmodium species show a
more exclusive preference for one of the two sialoforms. While
P. reichenowi and P. falciparum are genetically very similar,
they only infect chimpanzees or humans, respectively (Martin
et al.,, 2005). This difference in host specificity is attributed to
preferential binding of PfEBA-175 to Neu5Ac and PrEBA-175
to Neu5Gc. Furthermore, P. reichenowi and other ape-specific
Plasmodium species express EBA-165 that also preferentially
recognizes Neu5Gc (Proto et al., 2019). In contrast, P. falciparum
does not express EBA-165 due to a frame-shift mutation and
actively silenced EBA-165 when the frame-shift was corrected
by CRISPR-Cas9 editing (Proto et al., 2019). The identity of
the recognized sialoprotein also differs between P. reichenowi
and P. falciparum. While PfEBA-140 binds to glycophorin
C as described above, the P. reichenowi homolog interacts
with glycophorin D (Zerka et al., 2017). These observations
favor a model in which humans and P. falciparum co-evolved
and P. falciparum’ ability to preferentially recognize Neu5Ac-
containing proteins led to its emergence as the most deadly
human parasite (Martin et al., 2005; Proto et al., 2019).

Sialylation of N- and O-glycans as well as sulfation of GAGs
are both critical for Plasmodium cytoadherence and invasion.
Both glycan modifications introduce charge to the carbohydrate
structure. Thus, it seems likely that ionic interactions are
required for the interplay between host and parasite when these
carbohydrate moieties are involved. Detailed structural data will
be needed to examine this hypothesis.

N-Glycans
Sickle-cell disease conveys resistance against severe malaria.
However, Plasmodium infects healthy and sickle-cell RBCs
equally well with no apparent differences in invasion or
release (Friedman, 1978), suggesting that resistance arises from
more efficient immune clearance of infected RBCs. RBCs
with sickle-cell trait were recently found to express high-
mannose N-glycans on their surface that are recognized by
the macrophage receptor CD206 followed by phagocytosis (Cao
et al.,, 2021). High-mannose N-glycan surface levels in sickle-
cell RBCs correlated with the parasite’s life stage, being elevated
at trophozoite and schizont stage (see Table 1). Phagocytosis
through macrophages can be inhibited by the addition of
mannan, a yeast-derived high-mannose glycan, and oxidative
stress can induce expression of high-mannose surface N-glycans
in healthy RBCs (Cao et al,, 2021). Improved immune clearance
presumably arises from the increased susceptibility of sickle-
cell RBCs to oxidative stress caused by the parasite, mediated
through an elevated high-mannose N-glycan level recognized by
macrophages (Cao et al., 2021).

Plasmodium also alters the N-glycosylation pattern of infected
RBCs without sickle-cell trait. Extensive posttranslational
modification-omics screens with infected RBCs at the different
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asexual life stages of Plasmodium (Wang et al., 2021) revealed that
Plasmodium downregulates N-glycosylation of a variety of RBC
proteins (Figure 1), including several cluster of differentiation
(CD) proteins with known roles in cell adhesion and rosette
formation. For the majority of RBC membrane proteins, N-
glycosylation decreased over the course of the Plasmodium life
cycle with the lowest glycosylation level at the late schizont
stage (Wang et al, 2021). For instance, N-glycosylation of
the C3 complement protein recedes, suggesting a parasitic
strategy to dampen the host immune response. In contrast,
N-glycosylation of selected RBC proteins is upregulated during
parasite development inside the RBC (Wang et al, 2021).
Notably, CD55 displays higher levels of N-glycosylation which
is especially interesting because it has been shown to be an
essential receptor in Plasmodium invasion (Egan et al., 2015).
The exact mechanism behind the observed global changes in
RBC glycosylation or their biological purpose is still a mystery.
However, the simultaneous increase in Plasmodium sugar
nucleotide levels (Sanz et al., 2013; Lopez-Gutiérrez et al., 2017;
see above) suggests that Plasmodium utilizes host glycans for
purposes yet to be discovered.

BIOLOGICAL FUNCTIONS

Vector Colonization

First evidence for a crucial role of Plasmodium glycans
in mosquito midgut invasion came from the observation
that ookinetes lose their ability to invade the midgut upon
treatment with the GIcNAc-binding lectin wheat germ agglutinin,
suggesting that carbohydrate binding is required at this
step (Basseri et al., 2016). Since the lectin concanavalin A
that predominantly binds mannose structures did not inhibit
invasion, the involved carbohydrate likely contains GlcNAc or
sialic acid but not mannose or glucose (Figure 2A). This notion
is confirmed by the finding that a number of O-GlcNAcylated
proteins have been identified in Plasmodium (Kupferschmid
et al,, 2017). In addition, the O-fucosylation on the sporozoite
proteins CSP and TRAP is essential for midgut colonization
(Lopaticki et al., 2017).

Interestingly, it has been described that after infection with
P. falciparum, the probing activity of Anopheles mosquitoes
increases, coinciding with a higher sugar uptake of the
mosquito at the Plasmodium oocyst stage. Sugar uptake decreases
subsequently when parasites reach the sporozoite stage. This
argues in favor of a model in which the parasite controls and
manipulates the behavior of its vector to increase its sugar supply
(Nyasembe et al., 2014).

Investigating potential vector-sided interaction partners of
Plasmodium glycans, two C-type lectins in Anopheles were
identified, CTL4 and CTLMA2 (Osta et al., 2004; Figure 2A).
Both lectins can form heterodimers for a cooperative binding
mode and recognize specific glycosaminoglycan motifs, including
B1-3- and Pl-4-connected Glc, Gal, GlcNAc and GalNAc
moieties (Bishnoi et al., 2019). Depletion of the two proteins in
Anopheles enables a strong immune response against Plasmodium
followed by melanization, an innate defense mechanism of

Anopheles leading to sequestration and melanin coating of
the parasite. Therefore, parasite binding to these lectins
conveys protection against the mosquito’s immune response
(Osta et al., 2004).

Host Cell Invasion and Immune Defense

We have already touched on various glycans involved in
Plasmodium invasion above. At the host cell surface, the sialic-
acid-dependent pathway as well as the crucial roles of GAGs and
blood group antigens were discussed in detail.

These glycans are part of the host cell glycocalyx that
was found to be one of the main determinants of malaria
resilience. For instance, loss of the glycocalyx on brain
endothelial cells is one event preceding cerebral malaria.
Transmission electron microscopy revealed that the brain
endothelial glycocalyx of mice challenged with uncomplicated
P. chabaudi was only partially disrupted, whereas it was
completely degraded in mice with P. berghei-induced cerebral
malaria (Hempel et al., 2014). Glycocalyx degradation coincided
with an increase in circulating GAGs and was already
present before other symptoms of cerebral malaria occurred
(Hempel et al, 2014). In a later study, the same group
investigated how an intact glycocalyx can convey protection
against severe malaria symptoms. The ability of Plasmodium
to bind to the surface receptor CD36 was examined on
CHO cells which develop a thick glycocalyx within 4 days
in vitro (Hempel et al.,, 2017). Plasmodium binding to CD36
was lost with the maturation of the glycocalyx over time,
suggesting that the glycocalyx serves as a shield that can
prevent Plasmodium cytoadhesion to the endothelium (Hempel
et al., 2017; Figure 3B). These findings are corroborated by
microfluidics experiments examining the interaction between
infected RBCs and the glycocalyx (Introini et al, 2018).
After artificial disruption of the glycocalyx with sialidases,
cytoadhesion of infected RBCs is significantly increased (Introini
et al., 2018; Figure 3B). Disruption of the glycocalyx caused by
Plasmodium in cerebral malaria can be prevented in vivo: when
treating infected mice with corticosteroids or antithrombin-3, the
glycocalyx stays intact, and cerebral malaria symptoms as well as
mortality are markedly reduced, suggesting glycocalyx integrity
as a promising leverage point for enhanced host resilience
(Hempel et al., 2019).

Depletion of GlcNAc-transferase V, which adds p1-6-
connected GIcNAc to N-glycans, renders mice more susceptible
to malaria, as marked by higher parasitemia, loss in body
weight and more severe pathology in the liver and lung
(Shibui et al., 2011). GlcNAc-containing N-glycans may convey
some degree of protection against severe malaria, but the
mechanistic details of this putative protection remain unclear
(Shibui et al., 2011).

Lectins are another group of important modulators in the
host defense against Plasmodium. Mannose-binding lectin
(MBL) that triggers the lectin pathway of the complement
system is crucial for the host’s defense against malaria. It is
especially important for resilience to placental malaria as the
adaptive immune system has not yet formed in the fetus.
Recently, a correlation between susceptibility to placental and
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non-placental malaria and single nucleotide polymorphisms
in the MBL gene was established (Holmberg et al., 2012; Jha
et al., 2014). Some variants caused an increased risk for severe
malaria while others conferred protection. Counterintuitively,
variants with decreased susceptibility to placental malaria
dampened complement activation. However, it is conceivable
that the protective effect of a reduced complement response
lies in the prevention of hyperinflammation at the placenta
(Holmberg et al., 2012).

Galectins constitute another lectin type that specifically
recognizes f-galactosides as part of N- and O-glycans.
Interestingly, host galectins also seem to be involved in
controlling Plasmodium infection. Inhibition of galectins
through lactose injection led to increased mortality of
Plasmodium-infected mice (Liu et al,, 2016). Lactose-treated
mice exhibited increased parasitaemia, lung pathology and
expression of interferon o/f/y and interleukines 4/10 in the
lung (Liu et al, 2016). These data suggest that galectins can
protect from Plasmodium infection. This hypothesis is supported
by the observation that galectin-9 expression was significantly
upregulated on macrophages in the lungs of infected mice (Liu
et al., 2016). In contrast, galectin-3 apparently increases the
susceptibility to infection with some Plasmodium species as
galectin-3-deficient mice show reduced parasitaemia compared
to wildtype mice when challenged with P. yoelii or P. chabaudi
but not P. berghei. The galectin-3 knockout mice infected
with P. yoelii were also able to raise higher Ab titers against
Plasmodium antigens than the wildtype, suggesting that galectin-
3 modulates the immune response against Plasmodium in a
non-beneficial way (Toscano et al., 2012). The precise role of
galectins in malaria host defense remains to be elucidated, but
it seems likely that their modulatory effect on the immune
response is Plasmodium species-dependent and involves
additional factors.

In some cases, Plasmodium proteins can also prevent
immunomodulatory host glycan-protein interactions. It has
been reported that Plasmodium merozoite surface protein 7
(MSP?7) binds to the host’s C-type lectin P-selectin (Perrin et al.,
2015). P-selectin plays a crucial role in leukocyte recruitment
to inflamed endothelial tissue by binding to the glycan sialyl-
Lewis X on leukocytes. Binding of MSP7 inhibits the interaction
between P-selectin and sialyl-Lewis X (Perrin et al., 2015). It
seems conceivable that the proinflammatory, immune-system-
recruiting function of P-selectin is abrogated by MSP7, indicating
a novel pathway for host immune system attenuation by
Plasmodium.

DISCUSSION AND OUTLOOK

One of the major challenges in the global fight against
malaria is the paucity of an effective malaria vaccine, with
the only EMA-approved vaccine RTS,S lacking efficacy in
the most vulnerable groups of infants and young children
(Agnandji et al, 2014). Recently, a new vaccine candidate
named R21 was examined in a phase III clinical trial and
found to be more effective than RTS,S with approx. 77%

efficacy (Datoo et al, 2021). Since both RTS,S and R21 are
based on the glycoprotein CSP, a potential effect of CSP
glycosylation on vaccine efficacy should be examined. CSP is
O-fucosylated in P. falciparum but not in yeast where CSP
for the vaccines is recombinantly expressed (Agnandji et al.,
2014; Swearingen et al, 2016; Lopaticki et al., 2017; Datoo
et al., 2021). Therefore, alternative expression systems might
be considered for malaria vaccine design to obtain bona fide
Plasmodium glycosylation.

The Plasmodium GPI glycan itself is another promising
vaccine candidate, as it is highly immunogenic and a
critical ~proinflammatory toxin contributing to severe
malaria. GPI vaccine candidates have been examined,
but the feasibility and efficacy of a potential GPI vaccine
remains controversial due to inconsistent data, most
probably caused by using different glycans, immunization
regimes and infection models. Detailed immunogenicity
studies in mice determined that a minimal antigen for
vaccination should at least comprise the mannose glycan
core and the phosphoethanolamine moiety of the GPI
structure (Malik et al, 2019; see also GPI section). The
combination of protein antigens and GPIs proved particularly
effective as transmission-blocking vaccine in mice (Kapoor
et al, 2018), suggesting the use of Plasmodium GPIs as
vaccine adjuvants.

Glycosaminoglycans represent yet another attractive
pharmaceutical target. With heparin as an approved and
widely used anticoagulant, one prominent GAG is already
marketed. The finding that heparin and HLMs can prevent
Plasmodium invasion renders GAGs attractive antimalarial
compounds, and HLMs can avoid the anticoagulating activity
of heparin that is undesired for malaria treatment. Indeed,
the HLM Sevuparin was found to be non-toxic and well-
tolerated in phase I/II human clinical trials (Leitgeb et al,
2017). GAG interactions are also the focus of transmission-
blocking vaccines. For instance, Plasmodium proteins bind to
placental chondroitin sulfate A for invasion, causing placental
malaria in pregnant women. Abs inhibiting Plasmodium
binding to placental GAGs were successfully induced in a
phase I clinical trial with the PAMVAC vaccine candidate
(Mordmiiller et al., 2019).

Another challenge arises from the variability of the
Plasmodium ssp. While some lectins and glycans, such as
GPIs, are conserved across different Plasmodium species, it
seems likely that their respective interaction partners at the host
level vary between distinct host species. For instance, P. knowlesi
shifts to the sialic acid-independent pathway when infecting
humans instead of macaques due to the absence of Neu5Gc
on human cells (Dankwa et al., 2016). It is therefore crucial to
examine the species-specific differences in Plasmodium-host
interplay in more detail.

Recent work revealed that Plasmodium parasites employ
extracellular vesicles (EVs) for cell-cell communication and
host cell modulation. Infected RBCs release EVs with diverse
cargo, ranging from functional miRNA that changes the barrier
properties of host endothelial cells (Mantel et al., 2016) to DNA
that promotes sexual differentiation of neighboring parasites
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(Regev-Rudzki et al, 2013). EVs can also carry 20S
proteasomes that change the cytoskeletal architecture
of naive RBCs, thereby priming them for subsequent
Plasmodium infection (Dekel et al, 2021). While nucleic
acid and protein cargo of Plasmodium-derived EVs are
intensively studied, the presence, role or origin of glycans
carried on the cell membrane of secreted EVs remains
to be elucidated.

While recent work has provided important insights about
Plasmodium glycans, many open questions remain, mostly due
to the lack of tools targeting specific glycans. Monoclonal
anti-glycan antibodies are scarce and lectins, though often
used to examine the terminal moieties of glycans, are not
specific enough. Novel glycan-targeting probes will allow
for a more in-depth characterization of the Plasmodium
glycome and facilitate therapeutic applications against drug-
resistant parasites.
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The glycocalyx is the main component of the transcellular barrier located at the interface
between the ocular surface epithelia and the external environment. This barrier extends up
to 500 nm from the plasma membrane and projects into the tear fluid bathing the surface
of the eye. Under homeostatic conditions, defense molecules in the glycocalyx, such as
transmembrane mucins, resist infection. However, many pathogenic microorganisms
have evolved to exploit components of the glycocalyx in order to gain access to epithelial
cells and consequently exert deleterious effects. This manuscript reviews the implications
of the ocular surface epithelial glycocalyx to bacterial, viral, fungal and parasitic infection.
Moreover, it presents some ongoing controversies surrounding the functional relevance of
the epithelial glycocalyx to ocular infectious disease.
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INTRODUCTION

The glycocalyx is a carbohydrate-rich coating present on the external surface of plasma membranes.
It serves as a barrier against pathogens but, at the same time, can be utilized by such pathogens for
attachment and entry. The major components of the glycocalyx are glycans composed of
monosaccharides linked to each other with various degrees of structural complexity. Glycans can
be classified according to the internal organization of monosaccharides and the nature of the linkage
established with protein and lipid moieties on plasma membranes. O-glycans are commonly
attached to the hydroxyl group of serine or threonine residues on proteins, whereas N-glycans are
linked via an amide linkage to asparagine. Glycosaminoglycans contain repeating disaccharide units
that are either free or covalently attached to core proteins to form proteoglycans.
Glycosphingolipids and glycosylphosphatidylinositols consist of a hydrophobic lipid tail attached
to a glycan moiety, with the glycan moiety of glycosylphosphatidylinositols covalently linked to a
variety of proteins (1).

The transparent cornea together with the associated tear film is the primary refractive surface of
the visual system that allows the passage of light onto the retina for clear vision. It is surrounded and
maintained by the adjacent corneoscleral limbus and the connective tissue of the conjunctiva with
its adnexa. The outermost layer of the cornea and conjunctiva is composed of a non-keratinized
stratified squamous epithelium and constitutes the first cellular barrier against pathogen penetrance.
Apical membranes on the most apical cell layer exhibit folds or ridges, termed microplicae,
containing a prominent glycocalyx rich in transmembrane mucins, proteoglycans and
glycosphingolipids. Components of this glycocalyx extend hundreds of nanometers above the
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plasma membrane and interface with the external environment
(2). Apical cells also exhibit tight junctions that regulate the
paracellular movement of molecules and microorganisms across
the epithelium. The surface of the eye, like other mucosal tissues
in the human body, represents a route of transmission for
many bacteria, viruses, fungi and parasites. Here, we provide a
brief review of major components of the ocular surface
epithelial glycocalyx and their involvement in resisting or
facilitating infection.

THE GLYCOCALYX IN OCULAR
SURFACE INFECTION

Bacterial Infection

Bacterial keratitis is a sight-threatening infectious disease of the
cornea caused by different types of bacteria, including
Staphylococcus aureus, Streptococcus pneumoniae and Pseudomonas
aeruginosa (3). One of the first steps during bacterial infection is the
adhesion of the pathogen to glycoproteins and glycolipids on the
epithelial cell glycocalyx through specific glycan recognition
mechanisms (4, 5). Notably, this adhesive interaction does not take
place unless the epithelia are damaged (6). Mucins stand out among
the multiple protective components of the healthy glycocalyx because
of their ability to limit infectious disease while accommodating
resident microbiota (7). Transmembrane mucins have large and
rigid extracellular domains that extend 500 nm or more above the
cell surface. They can prevent microbial colonization by several
mechanisms that include forming a physical barrier, acting as
adhesion decoys and, in certain cases, exposing specific glycans that
attenuate pathogen virulence.

The presence of the transmembrane mucin MUCI16 at the
ocular surface is a major restrain to the passage of bacteria.
Reports using a human cell culture model of stratified corneal
epithelium have evidenced that MUC16 and mucin O-glycans
protect the epithelial surface against S. aureus adhesion (8, 9). It
has been established that transmembrane mucins in cornea play
a crucial role in the early response against pathogens by
suppressing Toll-like receptor signaling and the expression of
the proinflammatory cytokines (10). Therefore, in the absence of
pre-existing defects or wounding, non-opportunistic bacteria
must rely on the enzymatic removal of transmembrane mucins
to access epithelial cells and cause disease. This is the case with
epidemic disease-causing S. pneumoniae species, which secrete a
metalloproteinase, ZmpC, that selectively induces ectodomain
shedding of MUCI6, leading to loss of glycocalyx barrier
function and enhanced bacterial internalization (11, 12). Under
homeostatic conditions, the barrier function of MUCI16 in the
epithelial glycocalyx is reinforced by galectin-3, a multimerizing
lectin that causes carbohydrate-dependent crosslinking of
transmembrane mucins (13-15). Intriguingly, galectin-3 is
highly expressed in the human cornea and serves as a ligand
for P. aeruginosa lipopolysaccharide (16). A potential
explanation for the scarcity of adhesive events leading to
P. aeruginosa infection in the healthy eye is that the strong,
high-affinity association between mucins and galectin-3 on the

glycocalyx provides steric hindrance, therefore interfering with
the ability of the bacterium to interact with the lectin.

Some bacteria exploit proteoglycans present on the ocular
surface epithelia and underlying extracellular matrix to promote
infection. Syndecan-1 and perlecan are two proteoglycans
containing chains of heparan sulfate and chondroitin sulfate—
major glycosaminoglycans found in the human cornea (17).
Syndecan-1 is known to enhance the attachment of S. aureus
to the plasma membrane of several cell types but fails to do so in
corneal epithelial cells. Instead, S. aureus induces shedding of
syndecan-1 from the glycocalyx of corneal epithelial cells to
produce ectodomains that interfere with the capacity of
neutrophils to kill the bacteria (18). Similarly, the ability of P.
aeruginosa and S. pneumoniae to infect the cornea is not
associated with direct adhesion to proteoglycans present on the
epithelial glycocalyx. P. aeruginosa preferably binds to perlecan
exposed in the basement membrane after corneal injury (19, 20),
whereas S. pneumoniae adhesion relies on the ability of
syndecan-1 to promote the assembly of fibronectin fibrils in
the basement membrane (21).

The clearance of bacteria can be enhanced by glycans and
glycoconjugates present in the tear fluid bathing the ocular
surface epithelia. For example, it has been shown that binding
of P. aeruginosa to N-glycans on tear glycoproteins functions as a
protective mechanism that reduces bacterial adhesion and
infection, most likely by facilitating the removal of the bacteria
through the tear drainage system (22). Similarly, studies have
shown that surfactant protein D, a collagen-containing calcium-
dependent lectin with ability to bind lipopolysaccharide from
Gram-negative bacteria, is present in the tear fluid and protects
against P. aeruginosa invasion (23, 24).

Viral Infection

Like bacteria, many viruses causing infectious disease employ
glycans on cell surface glycoproteins and glycolipids to access
cells. These viruses often recognize unique glycan signatures on
the glycocalyx, which frequently leads to specific tissue and
species tropisms (25). An example is human adenoviruses
(HAdV), one of the most common causes of ocular infection.
Dozens of HAdVs, classified into seven species, A to G, have
been identified on mucosal surfaces, but only a limited number
of them cause epidemic keratoconjunctivitis in the eye (26). It
appears that some of these viruses, primarily those belonging to
species D, use sialic acid-containing glycans to establish
infections at the ocular surface (27). One of them, the cornea-
tropic HAdV-D37, specifically binds a branched oligosaccharide
present in glycoproteins containing the GD1a glycan motif and
featuring two terminal sialic acids (28). Coxsackievirus A24
variant (CVA24v) is another highly contagious infective agent
that causes acute hemorrhagic conjunctivitis. Binding and
infection experiments using corneal cells indicate that the cell
surface receptor used by CVA24v is composed of a sialylated
disaccharide (Neu5Ac02,3Gal) on O-glycosylated proteins (29).
Consequently, derivatives based on sialic acid have been
developed and shown to be effective in preventing HAdV-D37
and CVA24v binding and infection of human corneal epithelial
cells (30, 31).
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Efforts have been made to establish how these viruses bypass
the transmembrane mucin-rich glycocalyx of the ocular surface
epithelium to trigger infection and inflammation. The data
suggest that, for successful infection, HAdVs need to degrade
components of the mucin barrier. This is exemplified by HAdV-
D37, which in contrast to HAdV-D19p, a virus that does not
cause epidemic keratoconjunctivitis, releases the MUC16
ectodomain from corneal and conjunctival epithelial cells,
causing a decrease in glycocalyx barrier function (32). On
other occasions, transmembrane mucins contribute to masking
viral entry mediators on the epithelial glycocalyx. Affinity assays
have shown that herpes simplex virus type 1 (HSV-1), but not
HSV-2, binds galectin-3, a component of the human corneal
epithelial glycocalyx. Exposure of epithelial cell cultures to
transmembrane mucin isolates decreases HSV-1 infectivity,
suggesting that the strong association between transmembrane
mucins and galectin-3 in the glycocalyx functions to mask the
lectin and to provide protection against viral infection (33).

Many pathogens use glycosaminoglycans on the glycocalyx of
host cells to initiate infection, and viruses are no exception. Heparan
sulfate serves as a main HSV-1 entry receptor in the cornea and
facilitates the development of herpetic keratitis (34, 35). Important
to infection is the release of the viral progeny from the infected cells
so that infection can disseminate into new target cells. Opposing this
process are heparan sulfate chains on parent cells, which trap the
exiting viral progenies and inhibit their release. Heparanase, a
heparan sulfate-degrading enzyme, plays an essential role in
facilitating viral egress. Following herpes infection of human
corneal epithelial cells, heparanase promotes a continuous loss of
heparan sulfate from the cell surface, leading to virus exit and
subsequent tissue damage (36). This mechanism involves the
upregulation of corneal epithelial heparanase by herpesvirus to
promote enzymatic activity at the cell surface, as well as
translocation of the enzyme to the nucleus, where it regulates
downstream signaling pathways (37). The interaction of HAdV-
D37 with sulfated glycosaminoglycans has also been recently
reported. In these experiments, removal of heparan sulfate by
heparinase III reduced HAdV-D37 binding to corneal epithelial
cells but, at the same time, enhanced viral infection, leading the
authors to hypothesize that glycosaminoglycans act as decoy
receptors (38). Consequently, efforts have been made in the drug
development field to use glycosaminoglycan mimetics as artificial
decoy receptors that can inhibit HAdV-D37 cell attachment and
infection (39).

Fungal and Parasitic Infections

Fungal infections of the cornea can have devastating consequences if
not treated promptly. They are frequently caused by species of
Fusarium, Aspergillus, Curvularia, and Candida, with trauma being
the most important predisposing cause (40). The first step for a
successful infection is the presence of cell wall components and
parasitic adhesins that mediate adhesion to host cells and
components of the extracellular matrix. A number of interactions
with host cells are known to lead to pathogen internalization, but
the studies describing this invasion process remain scarce (41).
Studies in corneal epithelium have revealed that Cephalosporium
curvulum and Aspergillus oryzae use fucose-specific lectins to gain

access to the host cell surface and, subsequently, promote infection
and disease (42). It is worth noting here that a significant number of
terminal and core fucose structures are present in the differentiated
corneal epithelial glycocalyx, which could facilitate this type of
interaction (43). In addition to immune cells, the corneal
epithelium expresses lectins that also interact with polysaccharides
on the fungal cell wall. An example is the C-type lectin dectin-1,
which recognizes B-glucan. Binding of dectin-1 to Candida albicans
initiates protective responses in the epithelium that include the
regulation of the innate immune response through the dectin-1/NF-
KB signaling pathway (44).

Acanthamoeba keratitis is a rare but serious parasitic infection of
the cornea that can cause permanent vision loss. As previously
stated for other microbes, adhesion to the surface of the host is one
of the first steps in the pathogenesis of infection. Adhesion of
Acanthamoeba is followed by lysis of corneal epithelial cells,
degradation of extracellular matrix and penetration into the
deeper layers of the cornea (45). A major virulence factor of this
parasite is a mannose-binding protein that recognizes mannose-
containing glycoproteins on the surface of the cornea and plays a
role in promoting cytopathic effects (46). The presence of antibodies
against the mannose-binding protein in tear fluid is thought to
provide protection by inhibiting the adhesion of the parasite.
Importantly, oral immunization with recombinant mannose-
binding protein in an animal model has been shown to increase
the levels of antibodies against this protein in tears and provide
protection against Acanthamoeba keratitis (47).

CONTROVERSIES

The role of the epithelial glycocalyx in resisting or facilitating ocular
infection is not free of controversy. As mentioned previously, the
presence of highly glycosylated transmembrane mucins is thought
to provide steric hindrance and limit P. aeruginosa adhesion to the
host. On the other hand, using an azido GalNAc analog to label
mucin-type O-linked glycoproteins, Jolly et al. observed that P.
aeruginosa preferentially associated with GalNAc labeled-regions in
the mouse cornea, leading the authors to conclude that surface
glycosylation was not sufficient to prevent bacterial binding (48). It
should be noted, however, that the metabolism of these azido sugars
could pose significant drawbacks, including low specificity and the
perturbation of the natural glycosylation process (49, 50). If this is
the case, one could draw the opposite conclusion, i.e., that naturally
occurring surface glycosylation is sufficient to maintain barrier
function since perturbation of glycans physiologically present on
the corneal surface, by using chemically modified monosaccharides,
leads to bacterial binding.

MUCI is one of the most extensively studied transmembrane
mucins since it is known to regulate both pathogen invasion and
the inflammatory response to infection. Assessment of the ocular
surface of mice deficient in Mucl revealed a marked propensity
toward the development of irritation and inflammation (51).
These mice were also more susceptible to bacterial infections
based on the prevalence of Staphylococcus, Streptococcus and
Corynebacterium species in infected eyes. Conversely, a parallel
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study using Mucl null mice of a different genetic background
found no particular ocular surface phenotype (52). Mouse eyes in
the latter study had a normal appearance with no signs of ocular
surface infection. Indeed, the authors could not find definitive
evidence indicating that Mucl null mice were more susceptible
to P. aeruginosa adherence to the cornea. The differences in these
studies were attributed to housing conditions of the animals,
mouse strain variation, strain variation of pathogens or other
environmental or epigenetic differences.

The roles of the different transmembrane mucins in
protecting the human ocular surface epithelium have been the
subject of intense study. While it was assumed for many years
that they play a redundant function in protecting the underlying
tissue against environmental insult, new evidence appears to
challenge this concept. Experiments in vitro have evidenced that
MUCI16 in human corneal epithelial cells prevents bacterial
adherence and invasion, while the smaller MUCI does not
(53). Surprisingly, abrogation of MUCI in these experiments
enhanced the barrier with respect to bacterial adherence and
invasion, leading the authors to hypothesize that MUC16 alone
produces a more uniform, glycan-rich barrier on the
epithelial glycocalyx.

/

S. aureus

Syndecan-1

CONCLUDING REMARKS

Multiple studies have evidenced over time the extent of
glycosylation at the ocular surface epithelia and its relevance to
infection (Figure 1). Both corneal and conjunctival epithelial
cells contain a complex glycocalyx rich in transmembrane
mucins, proteoglycans and glycosphingolipids. Adhesion of
pathogens to glycans present in some of these molecules is one
of the first steps leading to the successful colonization of the eye.
At the same time, the ocular surface exhibits protective
glycoconjugates that actively prevent pathogen invasion. One
of them is transmembrane mucins that extend high above other
molecules present on the glycocalyx, thereby providing a physical
barrier and masking receptors by steric hindrance. In addition,
the ocular surface fights infection by exposing host molecules
that act as decoy receptors, impeding pathogen adhesion and the
initiation of signaling cascades.

Contact lens wear, trauma, and ocular surface disease constitute
common risk factors that predispose patients to infections.
Interestingly, most of these factors have been associated with
alterations in glycosylation. Carbohydrate moieties on cell surface
glycoproteins change in response to corneal wounding and contact

S. Pneumoniae
1 < HAdV-D37

HSV-1

ZmpC

Cephalosporium MUC16
Aspergillus \; Gal3
S GLYCOCALYX
NMahnose ":><Iélepa:ranase
Sialic Heparan .
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FIGURE 1 | The epithelial cell glycocalyx in ocular surface infection. MUC16 represents one of the first barriers to the passage of bacteria and viruses at the ocular
surface, and its function is reinforced by galectin-3. Pathogens must rely on the enzymatic removal of mucins (e.g., ZmpC) to access epithelial cells and cause
disease. Pathogens such as S. aureus circumvent immune cell destruction by inducing shedding of syndecan-1 from the cell surface. HSV-1 uses heparan sulfate as
a main entry receptor but also promotes heparanase biosynthesis in host cells to facilitate the release of viral progenies. Cell surface glycans containing sialic acid,
mannose or fucose serve as receptors for viral, fungal and parasitic organisms.
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lens wear, and inflammatory stimuli of the ocular surface epithelia
induce alterations in mucin-type O-glycosylation and N-glycan
processing (43, 54-56). It would be noteworthy to determine if
these changes in glycosylation contribute to the higher risk of ocular
infection. Other exciting areas that remain understudied in the eye
include the influence of genetic factors (e.g, secretor status) on
disease susceptibility and the role of ocular surface glycans in
controlling microbial stability or virulence (57, 58). This
information may be useful for designing effective prophylactic
and therapeutic agents targeting the microbe-host interface.
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Arabinogalactans (AGs) are structural polysaccharides of the plant cell wall. A small
proportion of the AGs are associated with hemicellulose and pectin. Furthermore,
AGs are associated with proteins forming the so-called arabinogalactan proteins
(AGPs), which can be found in the plant cell wall or attached through a
glycosylphosphatidylinositol (GPI) anchor to the plasma membrane. AGPs are a family
of highly glycosylated proteins grouped with cell wall proteins rich in hydroxyproline.
These glycoproteins have important and diverse functions in plants, such as growth,
cellular differentiation, signaling, and microbe-plant interactions, and several reports
suggest that carbohydrate components are crucial for AGP functions. In beneficial plant-
microbe interactions, AGPs attract symbiotic species of fungi or bacteria, promote the
development of infectious structures and the colonization of root tips, and furthermore,
these interactions can activate plant defense mechanisms. On the other hand, plants
secrete and accumulate AGPs at infection sites, creating cross-links with pectin. As
part of the plant cell wall degradation machinery, beneficial and pathogenic fungi and
bacteria can produce the enzymes necessary for the complete depolymerization of
AGs including endo-B-(1,3), B-(1,4) and B-(1,6)-galactanases, p-(1,3/1,6) galactanases,
a-L-arabinofuranosidases, B-L-arabinopyranosidases, and p-D-glucuronidases. These
hydrolytic enzymes are secreted during plant-pathogen interactions and could have
implications for the function of AGPs. It has been proposed that AGPs could prevent
infection by pathogenic microorganisms because their degradation products generated
by hydrolytic enzymes of pathogens function as damage-associated molecular patterns
(DAMPs) eliciting the plant defense response. In this review, we describe the structure
and function of AGs and AGPs as components of the plant cell wall. Additionally, we
describe the set of enzymes secreted by microorganisms to degrade AGs from AGPs
and its possible implication for plant-microbe interactions.

Keywords: arabinogalactan proteins, plant cell wall, hydrolytic enzymes, plant-microbe interaction, infection

Frontiers in Microbiology | www.frontiersin.org 70

August 2021 | Volume 12 | Article 730543


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2021.730543
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2021.730543
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.730543&domain=pdf&date_stamp=2021-08-25
https://www.frontiersin.org/articles/10.3389/fmicb.2021.730543/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Villa-Rivera et al.

AGPs in Plant-Microbe Interactions

INTRODUCTION

Cell wall is an essential component of plant cells; they
confer flexibility and mechanical support to the cell and
perform important functions such as the maintenance of cell,
preservation of osmotic pressure, movement of water and
nutrients, management of intercellular communication between
adjacent cells and prominent involvement in plant-microbe
interactions, constituting the main barrier against potential
pathogens (Burton et al., 2010; Keegstra, 2010).

Chemically, a plant cell wall (PCW) is composed of
cellulosic polysaccharides (cellulose microfibrils from 40.6-
51.2% of dry weight), non-cellulosic polysaccharides, lignin,
and proteins. Non-cellulosic polysaccharides form a gel-
like matrix with remarkable heterogeneity and structural
complexity (Burton et al., 2010). The principal non-cellulosic
polysaccharides are hemicelluloses (28.5-37.2% of dry weight),
which comprise a complex of heteropolysaccharides (the
second most abundant type of polysaccharide in nature)
assembled into laterally branched and generally amorphous
structures on a xylose backbone (xylan) or mannose and
glucose backbones (mannan and glucomannan) with galactose,
arabinose, and acetic/glucuronic acid ramifications. Depending
on their structure, hemicelluloses are classified as xyloglucan,
glucuronoxylan, glucuronoarabinoxylan, glucomannan,
galactomannan, and B-(1,3; 1,4)-glucan (Pauly and Keegstra,
2008, 2016; Scheller and Ulvskov, 2010). On the other hand,
pectin (30-35% of dry weight) constitutes a complex family of
polysaccharides that are rich in galacturonic acid, including
homogalacturonan, rhamnogalacturonan I and II (the
substituted galacturonans), and xylogalacturonan (Mohnen,
2008; Chen, 2014). Finally, lignin (27-32% in woody plants and
15-30% in herbaceous plants) is a complex polymer composed
of aromatic residues (coumaroyl alcohol, coniferyl alcohol, and
synapyl alcohol) (Chen, 2014).

Plant cell wall proteins (CWPs) constitute ~5-10% of dry
weight of the PCW mass. Analysis of the Arabidopsis thaliana
proteome has provided important information regarding the
diversity of these proteins. CWPs are classified into nine
functional classes according to their predicted domains, and
their possible partners have been proposed. The nine CWPs
classes are proteins that act on carbohydrates; oxide reductases,
proteases, proteins with interaction domains, proteins potentially
involved in signaling, structural proteins, proteins related
to lipid metabolism, miscellaneous proteins, and proteins
with unknown function (Jamet et al., 2008; Albenne et al.,
2013). An alternative classification of non-enzymatic proteins
associated with the PCW into two groups has been proposed:
hydroxyproline-rich glycoproteins (HRGPs), also known as
the HRGP superfamily; glycine-rich proteins (GRPs) or the
GRP superfamily. HRGPs are classified according to their
hydroxyproline/proline proportion into different subfamilies
such as extensins, proline-rich proteins (PRPs), arabinogalactan
proteins (AGPs), solanaceous lectins, and subcellular PELPK
proteins (Pro-Glu-Leu/Ile/Val-Pro-Lys). Alternately, GRPs have
been classified into five classes based on their Gly-rich repeats
(Class I to V) (Rashid, 2016).

Due to its composition, the PCW represents a recalcitrant and
complex structure that must be overcome during plant-microbe
interactions. Microorganisms, mainly bacteria and fungi, are
capable of producing and secreting a plethora of cell wall-
degrading enzymes (CWDEs), which carry out a coordinated and
synergistic deconstruction of the main structural polysaccharides
of the PCW, producing soluble sugars that constitute an
abundant source of organic carbon to guarantee their nutrition
and survival (Gibson et al., 2011; Kubicek et al., 2014). The
set of CWDEs includes cellulases, hemicellulases, pectinases,
ligninases and accessory enzymes such as monooxygenases,
which significantly increase the action of other polysaccharidases.
These CWDEs have been described in several species of
fungi and bacteria because they have great biotechnological
potential (Malgas et al., 2017; Matias de Oliveira et al., 2018).
Although it has not been precisely established whether all
polysaccharidases constitute virulence factors, at least some
such as endo-B-(1,4)-xylanases (Brito et al, 2006), pectin
methyl esterases (Sella et al., 2016), arabinofuranosidases (Wu
et al., 2016), and polygalacturonases, among others (Nakajima
and Akutsu, 2013; Villa-Rivera et al., 2017a), are known to
be essential for the establishment of the infection. Several
studies have shown that plant pathogenic bacteria and fungi
secrete a set of enzymes that degrade arabinogalactans from
AGPs, however, little attention has been paid to their role
in infection processes. Although there is evidence that AGPs
play important functions in plant-microbe interactions, most
studies on this topic have focused on the responses of plants
to beneficial or pathogenic microorganisms. In this review,
we describe the structure and function of AGs and AGPs
as components of the PCW. Additionally, we describe the
set of enzymes secreted by microorganisms to degrade AGs
from AGPs and what is known regarding its role in plant-
microbe interactions.

AGs AND AGPs STRUCTURE

AGs are structural components of the PCW; they are mainly
composed of galactose and arabinose and are ubiquitously
distributed in the plant kingdom (Seifert and Roberts, 2007; Tan
etal,, 2012). Depending on their structure, AGs are grouped into
three main types.

Arabinogalactan type I (AG type I), also designated
arabino-4-galactan, is composed of a linear galactopyranose
backbone linked by B-1,4 anchors and substituted with a<(1,5)
arabinofuranosyl residues (Figure 1A; Clarke et al, 1979).
Nevertheless, type I arabinogalactans from potato, soybean,
onion and citrus also contain galactopyranose residues linked
by B-(1,3) bonds as part of their main backbone (Hinz et al.,
2005). AG type I have been shown to be a component of
pectic complexes in seeds, bulbs, leaves, and coniferous wood
(Clarke et al., 1979).

Arabinogalactan type II (AG type II) also known as arabino-
3-6-galactan, consists of a main chain of D-galactopyranose
linked by B-(1,3) bonds and branches of C(O)6 with $-(1,6)-
galactosyl chains linked by p-(1,6) bonds. Non-reducing ends of
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the branches may present L-arabinopyranose, L-arabinofuranose,
L-rhamnose, D-mannose, D-xylose, D-glucose, L-fucose, D-
glucosamine, and D-glucuronic acid (Figure 1B; Clarke et al,
1979; Gaspar et al., 2001; Showalter, 2001; Seifert and Roberts,
2007). AG type II is found in mosses, coniferous woods, gums,
saps, and exudates of angiosperms, organs such as seeds, leaves,
roots, and fruits, as well as the media of various tissues in culture,
particularly in polysaccharides with arabinogalactan side chains
and pectic complexes such as rhamnogalacturonans (Clarke et al.,
1979; Leivas et al., 2016).

Nuclear magnetic resonance (NMR) spectroscopy analyzes
performed in different models have demonstrated substantial
variability in the structure of AG type II; however, three common
characteristics have been observed: first, a main backbone
composed of two blocks of three galactopyranose residues linked
by B-(1,3) bonds, with the junction between the three galactosyl
blocks being a $-(1,6) bond; second, bifurcated branches of
arabinose, rhamnose, glucuronic acid, and galactose anchored
in the main chain at residues one and two of galactopyranoses;
third, a common branch consisting of six residues of a-L-(1,5)-
arabinofuranose and two a-L-(1,3)-arabinofuranoses grouped
into one unit, with a-L-(1,4)-rhamnose, p-D-(1-6)-glucuronic
acid forming a second unit. Both units are anchored to the main
chain of B-(1,3)-galactopyranoses (Tan et al., 2010, 2012).

A third structure of AGs has been described, which is
mainly associated with pectic polysaccharides in several plant
species, consisting of a main backbone of D-galactopyranose
residues linked by p-(1,6) bonds with side chains at position

O-3 composed of L-arabinoses, arabinans, or individual D-
galactopyranose units (Figure 1C; Raju and Davidson, 1994;
Dong and Fang, 2001; Capek et al., 2009; de Oliveira et al., 2013).

AG type II are commonly anchored to a protein core, and
these glycoproteins are denominated arabinogalactan proteins
(AGPs). The protein core of AGPs (10% of AGPs) is a short
backbone composed of 10 to 20 amino acids. The peptide
undergoes posttranslational modifications: conversions of
proline residues to hydroxyproline (forming the hydroxyproline
domain) and the O-glycosylation of hydroxyproline and possibly
serine and threonine residues with AG type II (90% of AGPs).
In some cases, the protein core of AGPs contains within its
structure a small sequence consisting of basic amino acids,
and has a hydrophobic transmembrane domain located at the
C-terminal end (Figures 1D,E; Gaspar et al., 2001; Showalter,
2001; Schultz et al., 2002; Showalter and Basu, 2016b). AGPs are
found in the PCW, the apoplastic space, and some secretions such
as exudates, and some adhere to the plasma membrane through
a glycosylphosphatidylinositol (GPI) anchor in the hydrophobic
domain. GPI binds to AGPs through a phosphoethanolamine
linked to an oligosaccharide composed of D-mannose-(1-2)-a-
D-mannose-(1,6)-a-D-mannose (1-4)-a-D-N-acetylglucosamine
bound to a lipid residue of inositylphosphoceramide (Oxley
and Bacic, 1999; Seifert and Roberts, 2007; Ellis et al., 2010).
A consensus cleavage site has been identified in the classic
AGP-deduced amino acid sequences, which constitutes a
GPI-anchored recognition signal and is located before the
transmembrane domain (Schultz et al., 2002).
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AGPs are members of the HRGP superfamily, and based on
their polypeptide core and the presence/absence of particular
motifs/domains, they are classified into classic and non-classic
AGPs (Showalter, 2001; Showalter et al., 2010). Classical AGPs
are characterized by an N-terminal signal peptide, a central
domain of variable length enriched in proline, alanine, serine, and
threonine (PAST) (Figure 1D), and the C-terminal GPI anchor.
Other classic AGPs are AG peptides, the structure of which
contains 10-13 amino acids (Schultz et al., 2000). Conversely,
non-classic AGPs have a low content of hydroxyproline and
are enriched in cysteine and asparagine. Analyses of different
plant tissues have revealed a high heterogeneity in the structure
and composition of AGPs (both core proteins and carbohydrate
moieties) (Gaspar et al., 2001; Showalter, 2001). Non-classical
or chimeric AGPs have different conserved domains by which
they are classified into subfamilies: lysine-rich AGPs with PAST
domains separated by Lys-rich regions (Yang and Showalter,
2007), fasciclin-like arabinogalactan proteins (FLAs), with a
fasciclin domain possibly involved in cell adhesion (Johnson
et al., 2003), phytocyanin-like AGPs (PAGs) (Mashiguchi et al,,
2009; Ma et al., 2017), and xylogen-like AGPs (XYLPs) with non-
specific lipid transfer protein (nsLTP) domains (Kobayashi et al.,
2011). AGPs-extensin hybrids (HAEs) have also been identified
(Showalter et al., 2010).

Typical assays for the detection and/or functional analysis
of AGPs use the dye P-glucosyl Yariv reagent (B-Glc Yariv),
which binds to the B-(1,3)-galactose backbone (Yariv et al,
1967; Kitazawa et al., 2013) and/or specific antibodies against
AGP-glycans (LM2, LM6, MAC207, JIMS, JIM13, and JM14).
For example, these analyses have been conducted in suspension
culture cells (Maurer et al,, 2010) and different plant tissues,
such as roots and seeds (van Hengel and Roberts, 2003), stems
and wood (Zhang et al., 2003), leaves (Kremer et al., 2004),
gametophytes and sporophytes (Lee et al., 2005), and flowers
and embryos (Hu et al,, 2006), among others. In addition,
studies focused on the protein components of AGPs have used
biochemical and molecular tools such as protein purification
(Hu et al.,, 2006), isolation of genes and heterologous expression
(Zhang et al., 2003), genetic expression (Pereira et al., 2006),
genetic disruption of the core proteins (van Hengel and Roberts,
2003; Acosta-Garcia and Vielle-Calzada, 2004; Gaspar et al., 2004;
Lee et al., 2005), overexpression (Park et al., 2003; Motose et al.,
2004; Zhang et al., 2011), suppression (Li et al., 2010), and GFP
labeling of genetic promotor sequences (Coimbra et al., 2008),
among others. Furthermore, bioinformatics analyses of genomes
and transcriptomes from several plant species have allowed the
identification of thousands of candidate AGPs genes (Ma and
Zhao, 2010; Showalter et al., 2010; Han et al., 2017; Johnson et al.,
2017; Ma et al., 2017; Pfeifer et al., 2020). Therefore, AGPs are
conserved in the plant kingdom and are expressed in different
tissues and stages of plant development.

Regarding how AGPs work, it has also been proposed that
soluble AGPs could be involved in cell-cell signaling (Schultz
et al., 1998; Motose et al., 2004; Pereira et al., 2014), and GPI-
AGPs in lipid rafts/nanodomains in eudicots could be involved
in cell-cell communication, signal transduction, immune
response, and transport (Borner et al, 2005; Grennan, 2007;

Johnson et al., 2017). In support of these hypotheses, some
studies have shown that classic AGPs bind reversibly to Ca?* in
a pH-dependent manner, suggesting that AGP- Ca?" oscillators
might integrate most signaling pathways downstream of the
initial Ca?* signal, which would explain the participation of
AGPs in many biological process (Lamport and Varnai, 2013;
Lamport et al., 2014). On the other hand, there is evidence
in Arabidopsis that the mechanism responsible for clathrin-
mediated endocytosis of extracellular lanthanum cargoes,
requires extracellular AGPs anchored to the plasma membrane
(Wang et al, 2019), and classic lysine-rich AtAGP18 could
function as a coreceptor that binds to signaling molecules and
interacts with transmembrane proteins, possibly receptor-like-
kinases (RLKs) (Zhang et al., 2011). Specifically, it has been
proposed that FLA AGPs are involved in cell-to-cell adhesion
and cell signaling (Shi et al., 2003; Showalter and Basu, 2016a).

Currently, despite many studies on AGPs, it remains unclear
whether their function resides in the protein backbones, in
the glycan epitopes or both. However, given that the mass
of AGPs constitutes more than 90% of sugars and that the
oligosaccharides play a role in signal transduction in plants, it
seems logical to consider these sugars as representatives of the
interactive molecular surface defining their function in multiple
plant processes. In this sense, heterologous expression studies,
in vitro enzyme assay and analyses of knockout mutants of genes
encoding Hyp-galactosyltransferases (GALTs and HPGTs) that
specifically add galactose to AGPs in A. thaliana, have shown
that glycosylation is essential for plant growth and development
(Showalter and Basu, 2016b). On the other hand, enzymatic
degradation of the AG type II of AGPs is a strategy that it utilized
by microorganisms during their interactions with plants.

DEGRADATION OF AGs BY ENZYMES
OF MICROORGANISMS

Fungi and bacteria are capable of synthesizing and secreting the
enzymes necessary for complete hydrolysis of AG type II, and
these enzymes are listed in Table 1 and schematized in Figure 2.

Exo and Endo Galactanases

Endo and exo-B-(1,3)-D-galactanases degrade the main $-(1,3)-
D-galactose backbone of AG type II. Exo-f-(1,3)-D-galactanases
(ex01,3 GAL) (EC 3.2.1.145) catalyze the sequential hydrolysis of
B-(1,3) linkages at non-reducing ends, releasing galactose and,
occasionally, B-(1,6)-galacto-oligosaccharides (Tsumuraya et al.,
1990; Pellerin and Brillouet, 1994). Native and recombinant
enzymes have been analyzed (heterologous expression in
Escherichia coli and Pichia pastoris), and genes encoding the
ex01,3GAL have also been characterized (Table 1). Analysis of the
crystallized enzyme and deduced amino acid sequences of these
enzymes have classified them into subfamily 24 of family 43 of
glycosyl hydrolases (GH43) (Jiang et al., 2012; Matsuyama et al.,
2020). The topology of ex01,3GAL consists of a catalytic domain
structured in a five-blade propeller fold, with each blade including
four-stranded antiparallel B-sheets to form a closed propeller ring
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with the putative catalytic site located in a central hole (Figure 2E;
Jiang et al., 2012).

In addition, a C-terminal carbohydrate binding module
(CBM) has been described as part of the three-dimensional
structure of exol,3GAL, classified as CBM13 in Clostridium
thermocellum (symmetric B-trefoil fold topology) (Jiang et al.,
2012) and CBM35 in Phanerochaete chrysosporium (f-jellyroll
fold with a single calcium ion-binding site) (Figure 2E;
Matsuyama et al., 2020). Interestingly, several studies have shown
that typical side chains of AG type II do not interfere with

the exol,3Gal activity, and the enzyme structure contains a
space capable of accommodating the B-(1,6)-galactose residues,
which allows the protein to surpass the branches of the AG
structure (Matsuyama et al., 2020). Nevertheless, the activity of
ex01,3GAL has been shown to increase significantly in response
to the action of B-(1,6)-D-galactanase, f-L-arabinopyranosidase
and a-L-arabinofuranosidase (Okawa et al., 2013).
B-(1,3)-D-galactose chains are also depolymerized by endo-
B-(1,3)-D-galactanases (Endo1,3GAL) (EC 3.2.1.145). The action
of these enzymes releases {-(1,3)-D-galacto-oligosaccharides

TABLE 1 | Microorganisms that produce AG type Il-degrading enzymes and the families of glycosy! hydrolases (GH) to which they belong.

Microorganism species Enzyme EC GH References

Irpex lacteus®P-° Exo-B-(1,3)-galactanase (exo1,3GAL) 3.2.1.181 43 Tsumuraya et al., 1990; Kiyohara et al., 1997;
Kotake et al., 2009

Aspergillus niger® Pellerin and Brillouet, 1994

Phanerochaete chrysosporium?°-d Ichinose et al., 2005; Ishida et al., 2009;
Matsuyama et al., 2020

Streptomyces avermitilis®° Ichinose et al., 2006a

Clostridium thermocellum@:¢:d Ichinose et al., 2006b; Jiang et al., 2012

Sphingomonas sp. © Sakamoto et al., 2011

Streptomyces sp. &P-¢ Ling et al., 2012

Fusarium oxysporum@--¢ Okawa et al., 2013

Bifidobacterium longum subsp. longum®° Fujita et al., 2014

Flammulina velutipes?-® Endo-B-(1,3)-galactanase (endo1,3GAL) 3.2.1.145 16 Kotake et al., 2011

Aspergillus flavus®° Yoshimi et al., 2017

Neurospora crassa®® Yoshimi et al., 2017

Aspergillus niger® Endo -B-(1,6)-galactanase (endo1,6GAL) 3.2.1.164 30 Brillouet et al., 1991

Trichoderma viride®P:¢ Okemoto et al., 2003; Kotake et al., 2004

Streptomyces avermitilis®:° Ichinose et al., 2008

Neurospora crassa®° Takata et al., 2010

Colletotrichum lindemuthianum? Villa-Rivera et al., 2017b

Aspergillus sp? B-(1,6)-galactanase (1,6GAL) 3.2.1.164 5 Luonteri et al., 2003

Fusarium oxysporuma-0-¢ Sakamoto et al., 2007

Hypocrea jecorina® B-1,3/1,6-galactosidase (BGAL) 3.2.1.23 35 Gamauf et al., 2007

Aspergillus terreus® a-L-arabinofuranosidase (ABF) 3.2.1.55 ND Luonteri, 1998

Aspergillus awamori®
Streptomyces chartreusis®
Penicillium chrysogenum@--

Bacillus pumilus?

Aspergillus oryzae®

Bacillus subtilis

Neurospora crassa®®
Streptomyces avermitilis®-2-¢-d B-L-arabinopiranosidase (ABP)
Fusarium oxysporum?@:°
Geobacillus stearothermophilus®P-d
Chitinophaga pinensis®--
Aspergillus niger® B-D-glucuronidase (GLUC)

Neurospora crassa®

ND Wood and McCrae, 1996

43 51 Matsuo et al., 2000
43 51 Sakamoto and Kawasaki, 2003; Sakamoto
etal, 2013
51 Degrassi et al., 2003
ND Hashimoto and Nakata, 2003
51 Inacio et al., 2008
54 Takata et al., 2010
3.2.1.88 27 Ichinose et al., 2009
Sakamoto et al., 2010
Salama et al., 2012; Lansky et al., 2014
McKee and Brumer, 2015
3.2.1.31 79 Kuroyama et al., 2001; Haque et al., 2005;

Konishi et al., 2008
Konishi et al., 2008

aGene characterization.

PNative protein characterization.
¢Recombinant protein characterization.
dCrystallized structure.

ND, Not determined.
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(E) Phanerochaete chrysosporium Exo1,3 GAL, PDB code: 7BYS.

FIGURE 2 | Enzymes that degrade AG Type Il. (A) S. avermitilis ABP, PDB code: 3A21. (B) Thermobacillus xylanolyticus ABF GH51, PDB code: 2VRQ.
(C) Endo1,6GAL modeling of Colletotrichum lindemuthianum (Villa-Rivera et al., 2017b). (D) Aspergillus luchuensis ABF GH 54, PDB code: 1TWDS3.

(galacto-hexoses at early steps) and sometimes galactose in an
endo-manner (Kotake et al., 2011). Characterizations of the
endol,3GAL gene and protein have been conducted using only
fungal species as a study model (Table 1). The synergistic
activity of exo and endo1,3GAL has been suggested; apparently,
endol,3GAL creates internal breakpoints in the main chains of
AG type II, increasing the number of attack sites for exol,3GAL
(Yoshimi et al., 2017).

The side chains of B-(1,6)-D-galactoses in AG type II
are hydrolyzed by endo-p-(1,6)-galactanase (endol,6GAL) (EC
3.2.1.164) and B-(1,6)-galactanase (1,6GAL). They catalyze
the hydrolysis of the B-(1,6) anchors releasing galactobiose,
galactooligosaccharides or galactose (Brillouet et al, 1991;
Okemoto et al., 2003). The main difference between endo1,6 GAL
and 1,6GAL is that the former acts on chains with a degree
of polymerization greater than or equal to three residues and
releases galactooligosaccharides of 2 to 5 residues (Okemoto et al.,
2003), while 1,6GAL catalyzes the hydrolysis of galactobiose to
release monomers of galactose (Sakamoto et al., 2007; Sakamoto
and Ishimaru, 2013). Endo1,6GAL and 1,6GAL are active only on
dearabinosylated substrates (Brillouet et al., 1991; Luonteri et al.,
2003); therefore, prior action of arabinofuranosidases is required
and efficient removal of the side chains of AGP type II depends
on the combined action of galactanases and arabinofuranosidases
(Takata et al., 2010).

There are no crystallized structures of endol,6GAL and
1,6GAL; however, a prediction of the three-dimensional

structure of Colletotrichum lindemuthianum endol,6GAL
has been reported. The endol,6GAL model adopts a (B/a)8
TIM barrel fold topology (eight-stranded parallel B-strand,
forming a central barrel surrounded by eight a-helices) with a
putative active site located at the C-terminus, which is consistent
with the characteristic structure of GH30 family enzymes
(Figure 2C; Villa-Rivera et al,, 2017b). These enzymes have
been characterized from fungi and bacteria and have also been
expressed in heterologous models (Table 1).

Other enzymes involved in the depolymerization of AG type
IT are B-galactosidases (BGAL) (EC 3.2.1.23). Although these
enzymes have mainly been characterized in plants (Gunter et al.,
2009), Hypocrea jecorina B-GAL has been purified. The enzyme
breaks B-D-galactose bonds at non-reducing ends; however, it
is inhibited by its degradation product (B-D-galactose) (Gamauf
et al., 2007).

Accessory Proteins

The «-L-arabinofuranosidases (ABFs) (EC 3.2.1.55) are
exo-type enzymes that remove the «-L-arabinosyl side
chains linked through «-L-(1,2), «-L-(1.3), o-L-(1,5)

O-glycosidic bonds at the non-reducing ends of arabinoxylans,
arabinoxylo-oligosaccharides, arabinan, arabinogalactans and
arabino-oligosaccharides of the PCW (Lagaert et al., 2014).
According to the Carbohydrate-Active enZYmes database
(CAZY), and based on their amino acid sequences, ABFs are
classified into families 2, 3, 5, 10, 39, 43, 51, 54, and 62 of
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glycoside hydrolases '(Lombard et al., 2014). ABFs have been
purified and characterized from bacteria, fungi and plants
(Numan and Bhosle, 2006). Despite many reports on ABFs, only
a few have measured the activity of native and recombinant ABFs
using AGs as substrates (Table 1). Thus, traces of ABF activity
in the presence of AGs have been reported in Aspergillus sojae
and Aspergillus nidulans (Kimura et al., 1995; Wilkens et al,
2016), and additionally, AGs have been successfully evaluated
as inducers of ABF activity in cultures of Aspergillus niger,
Aureobasidium pullulans and Penicillium purpurogenum (vd
Veen et al.,, 1991; Saha and Bothast, 1998; De Ioannes, 2000).

Based on the specificity of the substrate, ABFs are
classified into three types: arabinofuranosidase A is capable
of hydrolyzing «-(1,5)-L-arabinofuranosyl bonds of arabino-
xylooligosaccharides but does not act on polysaccharides;
arabinofuranosidase B acts on linear and branched arabino-
oligosaccharides and polymers; and the third type of
arabinofuranosidase shows a high specificity for complex natural
substrates and is known generically as an arabinofuranohydrolase
(Numan and Bhosle, 2006; Lagaert et al., 2014; Poria et al., 2020).
The regional selectivity of ABFs has also been evaluated.
Accordingly, ABFs belonging to GH51 and GH54 are capable
of removing arabinosyl residues from the internal and terminal
non-reducing ends of xylopyranosyl residues with mono-
and disubstitutions. However, the ABFs of the GH54 family
show weak activity on internal di-substitutions compared
with GH51, which are more versatile in terms of substrate
specificity (Koutaniemi and Tenkanen, 2016; Dos Santos et al.,
2018). On the other hand, ABFs of the GH62 family show
selectivity toward a-(1,2) and a-(1,3) anchors in arabinoxylans
mono-substituted with arabinofuranosyl residues (Sarch
et al,, 2019). Interestingly, bifunctional enzymes with o-L-
arabinofuranosidase/xylobiohydrolase (Ravanal et al., 2010) or
a-L-arabinofuranosidase/B-xylosidase activities have also been
described (Huy et al., 2013).

Several crystallized and characterized ABFs, which present
a diversity of structures generally consisting of two domains:
the catalytic domain and the arabinose binding module (ABD).
The structure of the Streptomyces avermitilis ABF belonging to
the GH43 family, presents a core catalytic domain composed
of a five blanched B-propeller with an ABD similar to CBM42
located at the C-terminus adopting a B-trefoil fold (three
similar subdomains assembled against one another around a
pseudo3-fold axis) topology (Fujimoto et al., 2010). With respect
to ABFs of the GH51 family, the enzymes from Geobacillus
stearethermophilus (Hovel et al., 2003), Clostridium thermocellum
(Taylor et al., 2006), and Thermobacillus xylanilyticus (Paes
et al., 2008) have been crystallized. The catalytic domain of the
GHS51 family ABFs has a (B/a)8 TIM-barrel fold topology and
a C-terminal ABD domain with a jellyroll topology (Figure 2B;
Hovel et al., 2003; Paes et al., 2008). The structure of Aspergillus
luchuensis ABFs (formerly known as A. kawachii), belonging to
the GH54 family, is composed of a catalytic domain (B-sandwich
fold topology) similar to clan B of GH54 and an arabinose binding

Uhttp://www.cazy.org/

module (p-trefoil fold topology) similar to CBM13 (Figure 2D;
Miyanaga et al., 2004).

Regarding other accessory enzymes for the deconstruction
of AG type II, p-L-arabinopyranosidases (ABPs) (EC3.2.1.88)
have also been reported. ABP hydrolyzes B-arabinopyranose
from the non-reducing end of AG side chains (Ichinose et al.,
2009). Two bifunctional proteins (Fo/AP1 and Fo/AP2) with p-L-
arabinopiranosidase/a-D-galactopyranosidase activity have been
purified from Fusarium oxysporum, both of which are active
toward larch wood arabinogalactan (LWAG), releasing only
arabinopyranose (Sakamoto et al., 2010). ABPs have been purified
and characterized from bacteria and fungi, and they have also
been expressed in heterologous systems (Table 1). The three-
dimensional structure of ABP consists in a catalytic domain
(antiparallel B-domain) characteristic of the GH27 family and a
CMB13 (antiparallel f-domain adopting a jellyroll structure) at
the C-terminal end (Ichinose et al., 2009; Lansky et al., 2014;
Figure 2A).

In bacteria, ABF and ABP enzymes are non-cellulosomal
hydrolases; however, a synergy between cellulosomal and non-
cellulosomal hydrolases has been detected during hydrolysis
of the PCW by Clostridium cellulovorans (Kosugi et al,
2002). Finally, B-glucuronidase (EC3.2.1.31) hydrolyzes the non-
reducing ends of 4-O-methyl glucuronic acid of the B-1,6
galactosyl side chains of AG type II (Table 1; Haque et al., 2005).

It is important to mention that the combined action of
exo0l,3GAL, 1,6GAL, ABF, and ABP is more efficient than the
sum of the independent activities in the depolymerization of
AG type II (Okawa et al, 2013). Efficient hydrolysis of this
polymer depends of the removal of B-(1,6)-galactose branches
(Sakamoto and Ishimaru, 2013).

AGs HYDROLYSIS AND
PLANT-MICROBE INTERACTIONS

AGPs play an interesting role in the response pathways of plants
to abiotic stress (caused by low and high temperatures, drought,
high salinity, excessive light, and floods) and biotic stress (caused
by bacteria, fungi, nematodes, and viruses) (Mareri et al., 2018).
Particularly, they are important for plant-microbe interactions,
whether beneficial or pathogenic.

During beneficial plant-microbe interactions, plant roots
produce a complex mucilage that constitutes an important
carbon source for rhizosphere microorganisms. Root mucilage
from pea, cowpea, wheat, maize, and rice has been reported
to contain high levels of galactose and arabinose, the main
components of AGs (Knee et al, 2001). Moreover, root tips
and border-like cells (BLC) of A. thaliana can secrete pectic
polysaccharides and AGPs to the rhizosphere (Vicre et al., 2005).
Additionally, AGPs have been located in several root structures:
epidermal, cortical, and endodermal cells, pericycle, apical
meristem, and root infection structures (Nguema-Ona et al,
2013). In this sense, AGPs can act as attractants for symbiotic
species of fungi and bacteria, promoting the development of
infection structures and, therefore, root tip colonization. It has
been observed that the induced alterations in the structure of
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AGPs trigger an inhibition in the attachment of Rhizobium to
BLC and the root tip of A. thaliana (Vicre et al., 2005; Cannesan
etal., 2012; Xie et al., 2012).

Furthermore, AGPs are found at the physical interface
between root «cells and the infecting structures of
microorganisms, allowing for the root-symbiont nutrient
exchange necessary for microbe survival. For this purpose, soil
microbes such as Trichoderma viride and S. avermitilis, among
other, produce polysaccharidases (Table 1) that allow them to
access and obtain monosaccharides or disaccharides derived
from the hydrolysis of AGs, useful as a carbon source (Knee
et al,, 2001). On the other hand, it has been suggested that
AGPs can prevent infection by pathogenic microorganisms or
inhibit their development because the degradation products
(oligosaccharides or glycopeptides) generated by hydrolytic
enzymes of pathogens can act as damage-associated molecular
patterns (DAMPs) and promote the plant defense response.
Moreover, the colonization of the rhizosphere by beneficial
microbes supported by AGPs, would also activate plant
defense mechanisms such as induced systemic resistance (ISR),
protecting the plant against pathogen attack, while symbiotic
microorganisms could act as antagonists of pathogens and avoid
infections. Finally, AGPs have been proposed to be modulators of
the plant immune system, favoring the colonization of beneficial
microbes (Nguema-Ona et al., 2013).

Regarding the pathogen microbe-plant interaction, an
accumulation of HRGPs has been detected as a result of the
contact between the pathogen and PCW. For instance, during the
infection of tomato roots with F. oxysporum, late accumulation
of HRGPs has been observed in susceptible plants (Benhamou,
1990). Along the same lines, in response to F. oxysporum a
consistent increase in the abundance of AGPs was observed,
particularly in the roots of resistant cultivars of wax gourd
(Benicasa hispida Cong.) but not in susceptible ones (Xie et al.,
2011). Furthermore, immunohistochemical analysis of Sesbania
exaltata tissues infected by Colletotrichum gloeosporioides
has revealed a rapid accumulation of AGPs at the border
between the vascular tissue and the necrotic lesion (Bowling
et al., 2010). This evidence suggests that HRGP enhancement
is a prerequisite for an efficient and localized plant defense
response (Benhamou, 1990; Nguema-Ona et al., 2013). At the
transcriptomic level, seven extensin genes and 23 genes encoding
AGPs were differentially expressed in banana cultivars before
and after infection with F. oxysporum. These data revealed that
extensins and AGPs were dynamic components of the plant cell
wall (Wu et al., 2017). In addition, 38 NbFLAs from Nicotiana
benthamiana were significantly downregulated by infection with
turnip mosaic virus (TuMV) or by infection with Pseudomonas
syringae pv tomato strain DC3000 (Pst DC3000), suggesting a
relationship between FLAs and immunity (Wu et al., 2017).

The accumulation of HRGPs at the infection sites can be
explained because the PCW is not just a physical and passive
barrier against pathogens; recently, this complex structure has
emerged as a dynamic defense structure involved in sensing
and monitoring stressing conditions that result in compensatory
responses essential for the maintenance of cell integrity and
stability. Abiotic and biotic factors, such as the disruption

of the PCW during infection by pathogens, trigger molecular
mechanisms of the signaling pathways that sense and maintain
cell wall integrity, including sensors that detect changes in the
cell surface and signals originating from the wall that transduce
downstream signals (Bacete et al., 2018; Rui and Dinneny, 2020).
Additionally, CWPs have an important role in defense against
pathogens; this proteins carry out (a) a reinforcement of the
plant cell wall through insolubilization and oxidative cross-
linking of extensins and sensors resident in the plasma membrane
(PRPs) through H,O; and peroxidases, (b) AGP secretion and
accumulation at sites of infection by pathogens (Figure 3A),
(c) binding of GRPs to pathogenic RNA to degrade its genetic
material and, (d) transcription of genes that encode pathogen-
related proteins (PRs) using AGPs as a soluble molecular signal
(Figure 3B; Rashid, 2016; Bacete et al., 2018).

Thus, the role of AGPs in the defense responses of plants
against pathogens comprises the secretion and clumping of
AGPs at the infection sites and the creation of cross-links with
cell wall polysaccharides such as pectin. Covalent bonds have
been described between the AGP At3g4530 from A. thaliana,
arabinoxylan and rhamnogalacturonan I/homogalacturonan,
which form an APAP1 structure (Tan et al., 2013); therefore, the
action of enzymes that degrade AGs is necessary to allow the
pathogen to surpass the PCW and penetrate the protoplast.

On the other hand, AGPs and other proteins attached to the
plasma membrane by GPI anchoring, are involved in connecting
the intracellular and extracellular space, and are good candidates
for transducing signals from the extracellular space to the
cytoplasm. In this sense, the receptor like kinase (RLK) family,
AGPs, the mitogen-activated protein kinase (MAPK) pathway,
and the target of rapamycin (TOR) pathway could be potential
components of perceptual mechanisms of cell wall integrity
(Pogorelko et al., 2013). It has been reported that some AGPs
contain a domain of six cysteine residues designated the proline-
AGP-cysteine domain (PAC) (like that identified in Cys-rich
LATS52); this domain can interact with RLK receptors (Tang et al.,
2002). In this way, it has been suggested that PAC domain might
mediate the binding between some AGPs and RLKs (Figure 3B;
Seifert and Roberts, 2007). Moreover, the fasciclin-like AGP
SOS 5, has been reported as a GPI anchored protein that acts
in a pathway involving two cell wall RLKs (FEI1 and FEI2)
(Showalter and Basu, 2016a).

Evidence for the role of AGPs in cell signaling during plant-
microbe interactions shows that AGP17 from A. thaliana is
necessary for the activation of systemic acquired resistance
(SAR). This glycoprotein seems to be involved in the transduction
pathway of intracellular changes in salicylic acid levels and
genetic expression of the gene encoding PRI (Gaspar et al,
2004). Furthermore, binding of B-GlcYariv to plant surface
AGPs, triggers wound-like defense responses that include PCW
reinforcement and callose synthesis (Guan and Nothnagel, 2004).
In addition, treatment with B-Glc Yariv suppresses the expression
of genes involved in gibberellin signaling, an effect similar to that
caused by elicitors such as chitin (Mashiguchi et al., 2008).

As mentioned above, AG type II are essential components
for the function of AGPs. In vitro assays using exol,3GAL have
shown that complete hydrolysis of arabinogalactan terminated
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its reactivity with B-Glc Yariv reagent, confirming that the AGP
side chains are responsible for its activity (Kiyohara et al., 1997).
On the other hand, the expression of a fungal exol,3GAL in
A. thaliana leads to a decrease in AGPs reactive to B-Glc Yariv
and a severe tissue disorganization in hypocotyl and cotyledons.
Furthermore, oligosaccharides released from AG type II were
detected in the soluble fraction of transgenic plants (Yoshimi
et al., 2020). Thus, hydrolysis of the carbohydrate component
of AGPs by hydrolytic enzymes secreted by fungi and bacteria
during penetration of the PCW would have consequences for the
mechanisms of detection and monitoring of the integrity of the

cell wall, favoring infection by pathogens. Damage to the PCW
caused by the combination of cellulase and pectinase activities is
responsible for the accumulation of jasmonic and salicylic acids
in plants, and RLK (FEI2), and mechanosensitive Ca™ channels
localized in the plasma membrane (MCALI) are responsible for
the activation of responses to damage (osmosensitive responses)
(Engelsdorf et al., 2018).

Therefore, the secretion of AG type II-degrading enzymes by
phytopathogens appears to be crucial for the establishment of
host infection. Deletion of the MoAbfB gene encoding an a-N-
arabinofuranosidase B from Magnaporthe oryzae resulted in a
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reduction in disease severity in rice (Wu et al., 2016). Likewise,
comparison of the genetic expression of an endo1,6 GAL between
pathogenic and non-pathogenic strains of C. lindemuthianum,
showed that compared with most of the evaluated conditions,
the levels of genetic expression were higher in pathogenic than
non-pathogenic strains, supporting a role for this enzyme in
the PCW degradation during the establishment of the infection
(Villa-Rivera et al., 2017b). Finally, the inactivation of Malus
domestica AGPs with B-Glc Yariv reagent, which exhibit an effect
similar to that of degradation by enzymes, causes a more rapid
progress of Penicillium spinulosum infection, thus reinforcing
the notion that the inactivation of AG type II has an impact on
the PCW integrity and the activation of plant defense responses
(Leszczuk et al., 2019).

CONCLUSION AND PERSPECTIVES

Several lines of evidence support the proposal that AGPs play
different and crucial roles in plant-microorganism interactions.
In general, most studies on the role of AGPs in plant-
microorganism interactions have focused on the response of
plants. Evidence shown that in plant root tips AGPs are
attractants of symbiotic species of fungi or bacteria and
promoters of the development of infectious structures and
colonization, as well, these interactions can activate plant
defense mechanisms such as ISR. Furthermore, plants secrete
and accumulate AGPs at infection sites, creating cross-links
with pectin and probably other PCW polymers. In this
sense, it is proposed that AGPs could prevent infection
by pathogenic microorganisms because oligosaccharides or
glycopeptides generated by hydrolytic enzymes of pathogens
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Sporothrix schenckii, Sporothrix brasiliensis, and Sporothrix globosa are the main causative
agents of sporotrichosis, a human subcutaneous mycosis. Differences in virulence patterns
are associated with each species but remain largely uncharacterized. The S. schenckii
and S. brasiliensis cell wall composition and virulence are influenced by the culturing
media, with little or no influence on S. globosa. By keeping constant the culturing media,
we compared the cell wall composition of three S. schenckii and two S. brasiliensis strains,
previously described as presenting different virulence levels on a murine model of infection.
The cell wall composition of the five Sporothrix spp. strains correlated with the biochemical
composition of the cell wall previously reported for the species. However, the rhamnose-
to-B-glucan ratio exhibits differences among strains, with an increase in cell wall rhamnose-
to-p-glucan ratio as their virulence increased. This relationship can be expressed
mathematically, which could be an important tool for the determination of virulence in
Sporothrix spp. Also, structural differences in rhamnomannan were found, with longer
side chains present in strains with lower virulence reported for both species here studied,
adding insight to the importance of this polysaccharide in the pathogenic process of
these fungi.

Keywords: Sporothrix spp., fungal cell wall, beta-gucan, fungal virulence, Rhamnose, Rhamnomannan

INTRODUCTION

Sporotrichosis, a cutaneous and subcutaneous mycosis of humans and other mammals, is
caused by species described within the pathogenic clade of the Sporothrix genus, of which
S. brasiliensis, S. schenckii, and S. globosa are the three species of major clinical importance
(de Beer et al., 2016). All species of the Sporothrix genus are thermo-dimorphic fungi, presenting
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a saprophytic sporulating mycelial phase at 25-28°C and a
yeast-like pathogenic phase at 36-37°C. In humans, the disease
is characterized by cutaneous and subcutaneous lesions with
regional lymphocutaneous dissemination, although some
pulmonary and systemic infections have been reported (Callens
et al., 2006). It is a neglected infectious disease with a worldwide
distribution, and a higher incidence in tropical and subtropical
countries (Barros et al., 2011; Chakrabarti et al., 2014). The
cutaneous disease begins with a traumatic inoculation of the
fungus by contaminated soil or plant debris or through bites
and scratches from infected cats (Barros et al., 2011; Chakrabarti
et al, 2014). Multiple infections might arise from a single
source, which can lead to outbreaks (Chakrabarti et al., 2014).

Sporothrix schenckii is the most widespread species of the
pathogenic clade present in the Americas, Europe, Africa, and
Asia and is mainly associated with a sapronosis (Zhang et al,
2015), similarly to S. globosa, which is predominant in Asia.
Furthermore, S. brasiliensis is an emerging species related to
cat-transmitted  sporotrichosis, mainly described in Brazil
but now, also, present in other South American countries
(Chakrabarti et al., 2014; Etchecopaz et al., 2020; Rossow et al., 2020).

Differences in the virulence profiles in experimental models
of infection have been reported within the pathogenic clade.
Sporothrix brasiliensis is reported as the most virulent species,
followed by S. schenckii, and S. globosa, with the latter been
reported as the species with the lowest virulence of the three
(Arrillaga-Moncrieff et al., 2009; Almeida-Paes et al, 2015;
Clavijo-Giraldo et al., 2016; Lozoya-Pérez et al., 2020). However,
differences within S. schenckii clinical isolates have also been
reported, ranging from highly virulent to non-virulent isolates
(Fernandes et al., 2013; Almeida-Paes et al., 2015). Some factors,
such as melanization, thermotolerance, protein secretion, and
immunogenicity have been related to the differences in virulence
patterns between the Sporothrix spp. and within clinical isolates
(Fernandes et al., 2013; Almeida-Paes et al., 2015).

The fungal cell wall protects the fungus, acting as an initial
barrier against hostile environments while preserving the cell’s
integrity against internal turgor pressure. It is a dynamic
structure, presenting continuous changes in composition and
structural organization as the cell grows or undergoes
morphological changes (Latgé, 2007). These changes are strongly
regulated during the cell cycle, or in response to environmental
conditions, stress, and mutations in the cell wall biosynthetic
processes (Klis et al., 2006; Ruiz-Herrera et al., 2006).

In general, fungal cell walls are bilayered structures, with
the innermost layer comprising a core of covalently attached
and branched B-(1,3) glucan, forming intrachain hydrogen
bonds with chitin assembled into fibrous microfibrils, and all
together forming a scaffold around the cell (Gow et al., 2017).

do not trigger immune reactions, while medium-sized chitin
particles (40-70 pm) induce a proinflammatory response, whereas
small-sized chitin particles (2-10pum) trigger an anti-
inflammatory response (Hernandez-Chavez et al, 2017). In
general, these two polysaccharides are often masked by the
components of the cell wall outer layer, which differs from
the inner scaffold layer (Erwig and Gow, 2016). The S. schenckii
and S. brasiliensis cell wall is mainly composed of structural
polysaccharides, f-glucans, and chitin and has a peptide-
rhamnomannan (PRM) outermost layer (Lopes-Bezerra et al.,
2018). More recently, it has been reported that the culture
media have an influence on changes in the cell wall composition
and structure, as well as on the virulence of S. schenckii and
S. brasiliensis but not on S. globosa (Lozoya-Pérez et al., 2020).

Within the frame of all the previous bodies of evidence,
in the present work, we examine and compare the S. schenckii
and S. brasiliensis cell wall composition in different strains.
The isolates studied here, showed distinct virulence profiles
(Nascimento et al., 2008; Castro et al., 2013), and the analysis
of possible differences in the composition and/or the relative
content of cell wall components may add new important aspects
that correlate with their difference in virulence profiles.

MATERIALS AND METHODS

Strains and Growth Conditions

Fungal strains used in this study are listed in Table 1. The
yeast morphology was obtained by growing cells on Brain
Heart Infusion (BHI, Oxoid, Hampshire, United Kingdom)
liquid medium, with continuous shaking at 100 rpm for 4 days
at 37°C. Cells were inspected under a phase-contrast microscope
(Nikon Optiphot, Japan) before being used to check for
contamination or partial differentiation.

Cell Wall Fractionation

Yeast cells from cultures in exponential phase were collected by
centrifugation at 8,000 x g for 1h at 10°C. Briefly, the fungal
pellets were suspended in distilled water with an equal volume
of glass beads (0.45-0.50mm diameter) and shaken five times
in a Braun homogenizer (Braun, Melsungen, Germany) for 1min,
followed by 1 min cooling on ice between shakings. Cell disruption
was followed by light microscopy. Cell homogenates were washed
out of glass beads with distilled water and centrifuged at 480 x g
for 5min at 4°C. The pellet was freeze-dried, weighted, and

TABLE 1 | Strains used in this work.

. . . . . Organism Strain Virulence Reference

The B-(1,3) gl.ucan is a highly immunogenic molecule and is reported in the
one of the main fungal pathogen-associated molecular patterns mouse model
(PAMP) that bind to a very specific pathogen recognition
receptor (PRR) present on the surface of the hosts immune S brasiiensis 5110 (ATCC MYA 4823) High Castro
cells, the C—type lectin dectin-1 (HernéndeZ—ChéveZ et al, S. bras,'///engl/s IPEC 17943 (ATCC MYA 4824) ng etal., 2013
017). Chitin. i R K . | harid S. schenckii 15,383 (ATCC MYA 4820) Mild

.). itin, ¥s an. important 11.rlmu{10react1ve polysacc ar.l € S schencki  1,099-18 (ATCC MYA 4821) Low
that interacts with different PRRs in a size-dependent mechanism, ) . Nascimento

. iy . S. schenckii ~ M-64 (ATCC MYA 4822) Non-virulent

where big (70-100 pm) or very small (<2pm) chitin particles et al., 2008
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fractionated by alkaline separation (Previato et al., 1979; San-Blas
and San-Blas, 1994; Lopes-Bezerra et al., 2018). Briefly, the freeze-
dried material was re-suspended in 1M NaOH for 16h, and
the suspension was centrifuged to separate the alkali-insoluble
material from the supernatant (fraction 1). The supernatant was
neutralized with 1N HCI, centrifuged and the pellet (alkali-soluble
and acid-insoluble, fraction 2) separated from the supernatant
(alkali and acid-soluble, fraction 3), which was further
analyzed as described previously (Lopes-Bezerra et al., 2018).
Rhamnomannan was obtained by treating fraction 3 with Fehling’s
reagent at 4°C as reported previously (Previato et al., 1979). The
insoluble copper complexes generated, were centrifuged, washed
three times with 3% KOH, twice with neat ethanol, and collected.
The resulting residue was suspended in distilled water and cations
removed with Dowex 50W-X4 (H* form; Sigma-Aldrich, St.
Louis, MO, United States) for 1h at room temperature; the
supernatant was precipitated by the addition of four volumes of
neat ethanol. The residue was collected by centrifugation at
8,000xg for 10min (fraction 4, rhamnomannan). The mother
liquor of the copper complexes was neutralized with acetic acid
and centrifuged. The supernatant was dialyzed for 72h against
distilled water and deionized with a mixture of Dowex 1 (HCO,~
form; Sigma-Aldrich, St. Louis, MO, United States) and Dowex
50W-X4 (H* form), the filtrate was concentrated, and the
polysaccharides present were precipitated by the addition of three
volumes of neat ethanol (fraction 5). All fractions obtained were
freeze-dried.

Chemical Analyses of Cell Wall Fractions
Sugar and total amino acid content of cell wall fractions were
determined as follows: for hexose content, 10mg of each cell
wall fraction was resuspended in 1ml of 1M HCI, sealed in
a 2ml Wheaton 176,776 ampoule, and heated for 3h at 100°C.
Hydrolyzed samples were diluted 1/10 or 1/100. Sugar
quantification was accomplished by the Anthrone method for
hexose content quantification in concentrated H,SO,. To
determine amino acid and amino sugar contents, 10mg of
each sample was resuspended in 1ml 6 M HCI, sealed in a
2ml Wheaton 176,776 ampoule, and heated for 16h at 100°C.
Amino acid and amino sugar content were determined employing
alanine and glucosamine solutions as standards, as described
previously (Rondle and Morgan, 1955; Yemm et al., 1955).
For rhamnose quantification, 10 mg of fraction 3 was resuspended
in 1ml of 1M HC], sealed in a 2ml Wheaton 176,776 ampoule,
and heated for 3h at 100°C. Hydrolyzed samples were diluted
1/10 or 1/100. Quantification of methyl pentoses was conducted
(Dische and Shettles, 1948) using 85.7% H,SO, and 3% cysteine
in the reaction mixtures and rhamnose to construct a
standard curve.

Infrared Spectroscopy

Samples were prepared as KBr pellets. IR spectra were recorded
from 3,500 to 500cm™’, using a Nicolet iS10 IR spectrometer
(Thermo Fisher Scientific, Waltham, MA, United States), coupled
to the OMNIC 8.0 software, following the indications of the

\,\
MYA 4820 \\

N
MYA 4821 \

\

MYA 4823 \

FIGURE 1 | Sporothrix schenckii strains IR spectra of alkali-insoluble polysaccharides. Here, the signals corresponding to all strains are shown. Chitin and p-glucan
signals are indicated with blue and purple arrows respectively, also are present signals of p-glucans (1,3 and 1,6 evidenced by peaks at 1156, 1076, and 1,041cm™).
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Infrared Spectroscopy Service, Center of Chemistry, IVIC,
Caracas, Venezuela.

Nuclear Magnetic Resonance Analysis

To obtain the structural data, *C and 'H NMR were employed,
briefly, samples of the polysaccharide fraction to be analyzed
and standards (ca. 20 mg) were solubilized in D,O or 2% NaOD
and the spectra obtained at 75MHz with a recollecting time
of 16h and 70°C using a Bruker 300 Ultrashield spectrometer,
according to the indication of the Nuclear Magnetic Resonance
Service, Center of Chemistry, IVIC, Caracas, Venezuela.

Analysis of Chitin Exposure on the Cell
Wall Surface Using Flow Cytometry
Analysis

For chitin exposure analysis, cells were stained with 1mg/ml
wheat germ agglutinin-fluorescein isothiocyanate (Sigma-Aldrich,
St. Louis, MO, United States), for 60min at room temperature.
Flow cytometry was performed in a MoFlo XDP apparatus
(Beckman Coulter), collecting 50,000 singlet events. Fluorescence of

positive events was recovered from the compensated FL3 (green)
channel using unlabeled yeast cells. Total population densities
were gated and analyzed using FlowJo (version 10.0.7) software.

The heat-killed (HK) cells were prepared by incubating at
60°C for 2h. The cellular death was confirmed by incubating
aliquots of the preparations in YPD plates at 37°C for 5days.

Statistical Analysis

Quantifications of cell wall components were made by triplicate.
Statistical analyses were done by the Tukey Honestly Significant
Difference (HSD) post hoc test. Differences were considered
statistically significant at p<0.05.

RESULTS

Cell Wall Composition and Structure of
Sporothrix Strains Under Study

Structural and chemical analyses of polysaccharides from yeast
walls of S. schenckii strains MYA 4820, MYA 4821, MYA 4822,

A
B
CH,0H
Mannose Methyl group o
(Rhamnose) OH O
Methyl group
OH OH (Rhamnose)
Mannose OH 0. OH
CHj
OH OH
T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
T T T T T
100 80 60 40 20

FIGURE 2 | Structural analysis of the rhamnomannan present in the Sporothrix strains employing *C-NMR and 'H-NMR (A,B, respectively). On the image, the
spectrum corresponding to the rhamnomannan fraction of S. schenckii strain MYA 4820 is presented as a representative spectrum of both, S. schenckii and

S. brasiliensis strains under study. (A) The signals corresponding to the carbon atoms in the mannose and rhamnose residues are shown as arrows, red for mannose
and black for rhamnose. The corresponding signals are shown in Table 1. (B) Show the presence of the methyl group belonging to rhamnose (1.18 and 1.17 p.p.m.)
and the signals correspond to the proton bound to carbon 5 next to the methylene group for carbon 6 in the mannose ring (3.32, 3.35, and 3.39p.p.m.).
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and S. brasiliensis strains MYA 4823 and MYA 4824 were
analyzed (Table 1). Cell walls from BHI-grown cells were
purified and fractioned by the acid and alkali solubility and
insolubility methods, as previously reported for Sporothrix cell
wall analyses (Previato et al., 1979; Lopes-Bezerra et al., 2018).
For polysaccharide structural characterization, IR spectroscopies,
as well as proton and “C nuclear magnetic resonance ('H-
NMR and C-NMR respectively) were used, and the generated
spectra compared with IR, 'H-NMR, and "C-NMR spectra
previously reported for S. schenckii (Travassos et al., 1973;
Gorin et al., 1977; Gow et al., 1987; Lopes-Alves et al., 1992;
Lopes-Bezerra et al., 2018). For the five strains analyzed, IR
spectra of the alkali-insoluble cell wall fraction showed
characteristic polysaccharide absorption signals (Figure 1),
showing a strong and wideband around 3,400 cm' and additional
bands around 2,921, 1,641, and 1,412cm™ (Rodriguez-Brito
et al., 2010). Absorption bands around 1,557 and 1,662cm™
evidenced the presence of chitin, while B-glucan is evidenced

(Rodriguez-Brito et al., 2010). Also, the presence of absorption
peaks belonging to B-(1,3)-(1,6)-glucan (1,160, 1,078, and
1,044cm™; Synytsya and Novak, 2014), is present in all the
IR spectra obtained from all the strains.

The rhamnomannan characterization was followed by '"H-NMR
and PC-NMR. For all the cases, '"H-NMR spectra showed the
presence of the methyl group that belongs to rhamnose (1.18-
1.17ppm) and the signals corresponding to the proton linked
to carbon 5 (3.32-4.10ppm) next to the methylene group from
carbon six in the mannose ring (Figure 2B). The H1 region
of the '"H-NMR spectra for all the strains under study is shown
in Figure 3, presenting proton signals 5.21-5.26, 5.08-5.13, and
4.84-4.88ppm, which are characteristic of Sporothrix
rhamnomannan, as previously reported (Travassos et al., 1973,
1974). Signals 5.08-5.12 and 5.21-5.25ppm are related to the
presence of Rha(a1-4)GlcA(al,2)Man(al,2)Man-ol, as previously
reported (Lopes-Alves et al., 1992). Also, the presence of a
proton signal 4.97ppm previously reported as present in

by absorption bands at around 897 and 1,378cm™  S. brasiliensis strain MYA 4823 (Lopes-Bezerra et al.,, 2018) is
TH-NMR spectra from H1 region
A B C D E
.ATCC MYA 4820 Y ATCC MYA 4821Y ATCC MYA 4822 Y ATCC MYA 4823 Y ATCC MYA 4824 Y

N

S. schenckii strains

FIGURE 3 | 'H-NMR of the rhamnomannan fraction isolated from S. schenckii and S. brasiliensis yeast cells. The H1 region of the rhamnomannans of S. schenckii
(A-C) and S. brasiliensis (D,E) is enlarged. The red arrow shows a unique signal for S. brasiliensis strain 4823 as was described recently (Lopes-Bezerra et al., 2018).

S. brasiliensis strains
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TABLE 2 | "*C-NMR signals of S. schenckii and S. brasiliensis rhamnomannan, yeast phase.

3CNMR - Signal, 5. (70°C; ppm)

Isolate Structure

c1 c2 c3 c4 cs5 cé CH,
S schencki ‘J;]'i-t'sRham”C’pyranose non-reducing end g6 og 70.37 N.R. 71.94 N — 16.7
MYA-4820 ijr,fist-sdi-O—substituted a-D-mannopyranose 99.4 65.88 74.95 64.55 70.79 65.40  cmee-
S schencki S;'&;Rham”Opyranose non-reducing end g g 70.36 N.R. 71.93 R 7 N— 167
MYA-4821 iﬁt'sdi'o'wbsm“ted oD-mannopyranose g 65.88 74.92 64.55 70.82 e - A—
S schencki Z‘r'\iLt'SRham”Opyranose non-reducing end N.O. 70.13 N.R. 71.97 68.72 e 16.7
MYA-4822 i’;\?tfi’o’summ“ted oD-mannopyranose g4 4 65.91 74.98 64.57 70.72 7 ——
S brasiionsis Z;}Ii_thRhamnopyranose nonreducing end 96.39 7017 NR. 72.05 68.8 - 16.7
MYA-4823 i,nfist—sdi-O—substituted a-D-mannopyranose 99.54 66.04 75.08 64.65 70.92 6557 oo
S brasiionsis (:;]Ii_t-SRhamnopyranose non-reducing end 96.31 70.11 N.R. 71.96 687 - 16.7
MYA-4824 “:’ﬁt'sdi'o's“bsmmed oD-mannopyranose g4 44 65.9 74.94 64.58 70.8 oY S—
— 3;}&;Rham”°pwa”°se non-reducing end g 3 72-71.9 N.R. 73.6 (Y JER— 18.4
1977 3,6-di-O-substituted a-D-mannopyranose 101.4 67.6 76.6 66.3 72.4 673 .

units

N.O., not observed; N.R., no registered. Bold values correspond to values previously reported.
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FIGURE 4 | "*C-NMR of the rhamnomannan fraction isolated from the strains presenting less virulence in yeast phase. Sporothrix schenckii 4822 (A) and

S. brasiliensis 4824 (B) show the signals associated to type | rhamnomannan (red and black arrows), but also a signal corresponding to C-1 of a-L-Rhap
nonreducing end unit of a-L-Rhap-(l, 2)-a—Rhap and 2,4-di-0-substituted a-D-mannopyranose units (Cian arrows; Travassos, 1985), which suggest longer side
chains in the cell wall for these two strains.
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notoriously absent from the rhamnomannan of all the other
strains (Figure 3D). The pattern of the “C-NMR spectrum
(Figure 2A) allowed us to determine how the rhamnose and
mannan are linked in the rhamnomannan polymer. The
rhamnomannan backbone is composed of mannose linked by
a-1,6-glycosidic bonds and single units of rhamnose as side
chains, which has been reported as characteristic of
rhamnomannans isolated at 37°C from the S. schenckii yeast
phase, first described as rhamnomannan type I (Figure 2A;
Table 2; Travassos et al., 1973, 1974; Gorin et al., 1977). It is
worth mentioning that the "C-NMR spectra for the cell wall
of S. schenckii, strain MYA4822, and S. brasiliensis
MYA4824, showed unique signals at 98.15, 101.4, and
102.4ppm, associated with the C-1 of a-L-Rhap nonreducing

end unit of o-L-Rhap-(1,2)-a-Rhap and 2,4-di-0-substituted
a-D-mannopyranose units, which suggest longer side chains in
the cell wall rhamnomannan for these two strains when compared
to the other strains under study (Figure 4).

Polysaccharide Quantification in the Cell
Wall Fractions

For polysaccharide quantification, the fractions obtained by
alkali and acid fractionation were further analyzed by colorimetric
techniques as described in the methods section. Table 3 shows
the relative cell wall polysaccharides content for S. schenckii
and S. brasiliensis strains. The polysaccharide analysis for the
cell walls of all strains in the yeast phase, showed a higher
chitin content (around 27%) for the two S. brasiliensis strains,

TABLE 3 | Cell wall polysaccharide content comparison of the Y phase of the S. schenckii and S. brasiliensis strains under study.

Strain S. schenckii S. schenckii S. schenckii S. brasiliensis S. brasiliensis
MYA 4820 MYA 4821 MYA 4822 MYA 4823 MYA 4824
Beta glucan 16.7£1.7 20.2+1.4 27.8+1.0 19.9+£1.6 28.5+1.9
Rhamnomannan 9.6+0.3 7.3+0.7 6.0+0.8 15.4+0.6 13.1+0.3
Rhamnose 6.5+0.6 5.4+0.1 3.7+0.1 10.8+0.1 10.8+£0.2
Chitin 7.6+0.1 7.8+0.2 7.8+£0.2 10.7+0.4 10.3+0.1

Tukey Honestly Significant Difference (HSD) post hoc test was used for intra and inter species comparative analyses. Value of p<0.05. Quantification of cell wall components were

made by triplicate. SEM is shown.

w
o
L
w
o
L

mBeta glucan

25 1 mRhamnomannan 251

m Chitin
20 -

Percentage of polysaccharide in the cell wall (%)
*
Percentage of polysaccharide in the cell wall (%)

MYA 4823 MYA 4824

MYA 4820

FIGURE 5 | Comparison of polysaccharides represented as percentage in the cell wall of S. brasiliensis (A) and S. schenckii (B) strains, yeast phase. Percentage of
polysaccharides are represented in colored bars: f glucan (red), rhamnomannan (blue) and chitin (black). *Tukey Honestly Significant Difference (HSD) post hoc test
was used for intra and inter species comparative analyses. Value of p <0.05. Quantification of cell wall components was made by triplicate.
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when compared to the S. schenckii strains (Table 3; Figure 5),
as previously reported (Lopes-Bezerra et al., 2018). A difference
was evident for the cell wall p-glucan relative content (around
28% more P-glucan) of the lower virulent S. schenckii MYA
4822 and S. brasiliensis MYA 4824 strains when compared to
the higher virulent strains (Table 3; Figure 5). Rhamnomannan
relative contents were higher for both S. brasiliensis strains
analyzed, when compared to the S. schenckii strains (up to
38% more rhamnomannan). Also, a higher rhamnomannan
relative content could be observed in the more virulent S. schenckii
MYA 4820 strain, when compared with the non-virulent
S. schenckii MYA 4822 strain (over 30% higher; Table 3;
Figure 5). The relationship between the level of virulence
reported and the B-glucan/rhamnomannan cell wall ratio can
be represented mathematically by an ascendant curve, with
an R’=1 for the polynomial function y=0.0388x"-
0.3608x +1.1913x*-1.1792x+ 1.6 (Figure 6), which shows an
inverse relationship between the reported virulence and a higher
ratio of cell wall B-glucans/rhamnomannan content.
Rhamnose residues from PRM are known to be the main
antigenic epitopes found on the S. schenckii cell surface
(Fernandes et al., 1999). Here, the rhamnose content in

S. brasiliensis strains was 40% higher compared to S. schenckii
strains (Table 3). When comparing only the S. schenckii
strains, the cell wall rhamnose content shows differences
from high-to-low virulence for strains MYA 4820, MYA 4821,
and MYA 4822 (Table 3; Figure 5). This observation fits
the exponential curve: y=14.722¢7%°®%, with an R’=1, that
can be mathematically expressed as the linear equation:
p=—0.049 (#)+2.7, where f represents the cell wall f-glucan
content expressed as percentage and p represent the Lngha,
where Rha is the rhamnose cell wall content represented as
a percentage (Figure 7). No significant differences were
observed for the cell wall B-glucans among strains, except
for S. schenckii MYA 4821, which had 20% more B-glucans
than the rest of the analyzed strains.

Chitin Exposure on the Yeast Cell Wall

Chitin exposure on the cell wall for the five strains under
study was determined in BHI-grown yeast cells. The highest
chitin exposure on the cell wall was found for S. schenckii
strain MYA 4822 (Figure 8), followed by S. schenckii strain
MYA 4820. The lowest cell wall chitin exposure was observed
for S. schenckii MYA 4821, and the two S. brasiliensis strains

3.5 A

2.5 A

Bg / Rh-Mannan ratio

1.5 -

0.5

— y=0.0388x"-0.3608x>+ 1.1913x>- 1.1792x + 1.6
2
R=1

ATCC MYA 4823 ATCC MYA 4820

Rh-Mannan, rhamnomannan.

ATCC MYA 4824

High-to-Low Virulence

FIGURE 6 | Relation between f glucan vs. rhamnomannan ratio with strain virulence. Black columns represent the ratio of p glucan to rhamnomannan
present in the cell wall. Strains are arranged from higher to the lower virulence reported. The red curve represents the polynomial curve of relationship,
mathematically represented by an ascendant curve with an R2=1 with the polynomial function y=0.0388x*-0.3608x°+ 1.1913x?>~1.1792x + 1.6. Bg, p-glucan;

ATCC MYA 4821 ATCC MYA 4822

Frontiers in Microbiology | www.frontiersin.org

91

September 2021 | Volume 12 | Article 726958


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Villalobos-Duno et al.

Sporothrix Cell Wall Comparison

MYA 4823 and MYA 4824, all of them reported as
presenting higher virulence patterns (Nascimento et al., 2008;
Castro et al., 2013).

DISCUSSION

The cell wall is the first point of contact with the host upon
infection and colonization; understanding its composition allow
unveiling specific mechanisms triggered by PAMPs and their
corresponding PRRs (Gow et al., 2017). Recently, it was reported
that carbon or nitrogen limitation during growth of yeast cells
of S. brasiliensis and S. schenckii resulted in a reduced
virulence, and the mechanism is related to affect the cell wall
composition, where an increase in cell wall pB-glucan, and a
reduction of rhamnose and mannose was observed (Lozoya-
Pérez et al., 2020). Also, the virulence-reduced strains showed
a higher exposure of p-glucan, leading to an increase in the
uptake of the fungus by hemocytes of Galleria mellonella
(Lozoya-Pérez et al., 2020).

In the present work, we compared the cell relative composition
of the polysaccharides of the pathogenic yeast morphotype of
five Sporothrix strains, of which three were S. schenckii and
two S. brasiliensis strains, with differences in virulence levels
reported in a murine model (Table 1; Nascimento et al., 2008;
Castro et al, 2013). To normalize the comparison, all the

strains were grown under identical conditions in BHI
broth, a widely used culture medium for Sporothrix spp.
(Kong et al,, 2006; Brito et al., 2007; Teixeira et al., 2009;
Della Terra et al.,, 2017; De Almeida et al., 2018).

As previously reported, the main polysaccharides present
in the cell wall of both S. schenckii and S. brasiliensis strains
were: f-glucan, as major cell wall polysaccharide, followed by
rhamnomannan and chitin (Table 3; Figure 5; Lopes-Bezerra
et al, 2018; Lozoya-Pérez et al, 2020). A higher cell wall
chitin content was observed in the cell wall of S. brasiliensis
strains compared to S. schenckii strains, which also have been
previously reported (Lopes-Bezerra et al., 2018). However, when
comparing the cell wall polysaccharide composition of the five
Sporothrix spp. strains, a pattern appeared to emerge, with
higher p-glucans and lower rhamnomannan levels in cell wall
contents present in the previously reported non-virulent or
low virulent strains (S. schenckii MYA 4822 and MYA 4821
and S. brasiliensis MYA 4824). In contrast, lower p-glucan and
higher rhamnomannan levels in cell wall content were shown
in those strains for which higher virulence have been reported,
regardless of the species (S. brasiliensis MYA 4823 and S. schenckii
MYA 4820; Table 3; Figure 5). Therefore, the p-glucan/
rhamnomannan cell wall ratio can be mathematically represented
by a polynomial function showing an inverse relationship to
the virulence increase (Figure 6). Then, we focused on S. schenckii,
for which we had strains with three different levels of virulence
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FIGURE 7 | A mathematical model for the Rhamnose/p-glucan composition as expression of virulence. With an increase in reported virulence, the rhamnose
proportion rise and p-glucan decreases. This observation fit to an exponential curve with an R?=1, that could be expressed as a linear equation: p=-0.049() +2.7,
where f represents the B-glucan composition and p=Ln(Rha), where Rha is the rhamnose cell wall percentage. This model might be useful to predict the virulence
level employing the p-glucan and rhamnose percentage ratio. This mathematical expression infers the highest rhamnose percentage to 15% (5=0) and for the
lowest rhamnose percentage (1%) f=55.1%.
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reported (Table 1) and noticed that cell wall rhamnose content
increased, while the cell wall B-glucan content decreased when
compared from the less to the highest reported virulence
phenotype (Table 3; Figure 5). This observation can
be mathematically expressed as a linear equation (Figure 7),
which extrapolates the highest virulence for S. schenckii strains
when the rhamnose percentage in the cell wall reaches 15%
and the P-glucans cell wall content is 0%, and the lowest
virulence when the rhamnose percentage is 1% and the p-glucan
content is 55.1% (intersection points on the y and x axis of
the linear curve, respectively, Figure 7).

Recently, a bilayered cell wall model based on experimental
data was proposed for S. schenckii and S. brasiliensis yeast
cells (Lopes-Bezerra et al., 2018), which positioned the structural
and more immunogenic chitin and p-glucans at the inner-most
layer, and the PRM as an outermost layer covering the former.

The structural cell wall glycoconjugates, p-1-3 and p-1-6-
glucans, as well as chitin, are found in pathogenic fungal species
as involved in the innate immune response as PAMPs, so the
exposure of B-glucans and chitin on the fungal surface favors
their binding to their corresponding PRRs presented on the
host cells surface, allowing the uptake of the microorganism
and/or triggering the secretion of specific cytokines (Hernandez-
Chavez et al., 2017). A Sporothrix spp. strain with a higher
B-glucans/rhamnomannan ratio might favor the exposition of

the immunogenic B-glucans to the host immune system, triggering
its response before the infection can be established, therefore
presenting a lower level of virulence. Indeed, Lozoya-Pérez
et al. (2020) recently reported that a higher p-glucan exposure
is in close relation with a lower virulence phenotype in Sporothrix
spp. To determine whether chitin also might be playing a role
in the differences in virulence levels, chitin exposition was
measured in the Y pathogenic phase for the five Sporothrix
strains. Only the non-virulent S. schenckii MYA 4822 presented
a high chitin exposition on its cell surface under the growth
conditions used in the present study (Figure 8), which together
with the high p-glucans/rhamnomannan ratio, builds up evidence
for the involvement in the non-virulence phenotype reported,
and by triggering the host immune system more efficiently.
A conserved general structure of the cell wall polysaccharides
for all Sporothrix strains in their yeast phase was evidenced
by the IR spectra analyzed. However, some differences were
observed when the rhamnomannans from the cell walls of
the five Sporothrix strains were characterized by "H-NMR and
BC-NMR. Although a general pattern for both spectra was
apparent for all the five strains studied (Figure 2), a closer
inspection of the >C-NMR spectra allowed us to identify unique
signals for the cell wall rhamnomannan of the non-virulent
and low virulent S. schenckii MYA 4822 and S. brasiliensis
MYA 4824, respectively at 98.15, 101.4, and 102.4, associated
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with the C-1 of a-L-Rhap non-reducing end unit of a-L-Rhap-
(1,2)-a-Rhap and 2,4-di-0-substituted a-D-mannopyranose units,
suggesting longer side chains in the cell wall rhamnomannan
for these two strains. Methylation analyses of the rhamnomannan
present in the reportedly least virulent strains and comparison
with the higher virulent strains would provide further insight
into such differences. Also, the comparison of the 'H-NMR
spectra for the rhamnomannan of all the strains studied,
confirmed a previous report, showing the presence of a 4.97 ppm
signal only for the S. brasiliensis MYA 4823, which has been
reported as a high virulent strain (Castro et al,, 2013). The
analysis of virulent and non-virulent strains of the Sporothrix
genus, suggests that the rhamnomannans of the cell wall
determines the exposure of chitin and B-glucans, which ultimately
triggers a strong immune response that explains the resulting
virulence phenotype. To overcome the limitations of the present
work and to either strengthen or discard the mathematical
model of virulence here proposed, a broader study including
more strains, testing their virulence in a single mathematical
model of virulence for sporotrichosis, and exploring the
alterations in cell wall composition from strains cultured in
different media and their possible impacts on virulence would
be necessary, and will definitely either reinforce or discard
this model to assess virulence, specifically for the Sporthrix genus.
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Glycosylation is a ubiquitous process that is universally conserved in nature. The various
products of glycosylation, such as polysaccharides, glycoproteins, and glycolipids, perform
a myriad of intra- and extracellular functions. The multitude of roles performed by these
molecules is reflected in the significant diversity of glycan structures and linkages found
in eukaryotes and prokaryotes. Importantly, glycosylation is highly relevant for the virulence
of many bacterial pathogens. Various surface-associated glycoconjugates have been
identified in bacteria that promote infectious behavior and survival in the host through
motility, adhesion, molecular mimicry, and immune system manipulation. Interestingly,
bacterial glycosylation systems that produce these virulence factors frequently feature
rare monosaccharides and unusual glycosylation mechanisms. Owing to their marked
difference from human glycosylation, bacterial glycosylation systems constitute promising
antibacterial targets. With the rise of antibiotic resistance and depletion of the antibiotic
pipeline, novel drug targets are urgently needed. Bacteria-specific glycosylation systems
are especially promising for antivirulence therapies that do not eliminate a bacterial
population, but rather alleviate its pathogenesis. In this review, we describe a selection
of unique glycosylation systems in bacterial pathogens and their role in bacterial
homeostasis and infection, with a focus on virulence factors. In addition, recent advances
to inhibit the enzymes involved in these glycosylation systems and target the bacterial
glycan structures directly will be highlighted. Together, this review provides an overview
of the current status and promise for the future of using bacterial glycosylation to develop
novel antibacterial strategies.

Keywords: pathogenic bacteria, glycosylation, antivirulence, antibacterial strategies, metabolic oligosaccharide
engineering

INTRODUCTION

Bacterial pathogens have evolved an extensive arsenal of strategies to persist and thrive in the
host. These strategies are referred to as “virulence factors,” and in the process of host infection,
they directly or indirectly contribute to enhanced survival of the bacterium (Clatworthy et al.,
2007). Interestingly, many of the virulence factors are glycosylation products, in the form of
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Targeting Bacterial Glycosylation Systems

either oligo- and polysaccharides (capsule and LPS) or
glycoproteins (pili, flagella, adhesins, autotransporters, and efflux
pumps). Additionally, bacterial glycosyltransferases themselves
can act as exotoxins, manipulating the host immune response
via glycosylation of the host proteins.

In bacteria, the synthesis of glycoconjugates takes place in
the series of glycosylation reactions, in which carbohydrates
are polymerized or attached to the proteins or lipids, by the
action of glycosyltransferase enzymes (GTs). Interestingly,
bacterial glycans frequently contain unique monosaccharides
such as pseudaminic acid (Pse; Schirm et al., 2003), bacillosamine
(Bac; Morrison and Imperiali, 2014), 2,4-diacetamido-2,4,6-
trideoxygalactose ~ (DATDG;  Hartley et al, 2011),
N-acetylfucosamine (FucNAc; Horzempa et al, 2008),
legionaminic acid (Leg; Morrison and Imperiali, 2014), 3-deoxy-
p-manno-octulosonic acid (Kdo; Lodowska et al, 2013),
rhamnose (Rha; Mistou et al., 2016), and others (Chatterjee
and Chaudhuri, 2003; Meeks et al., 2004; Tytgat and Lebeer,
2014; Figure 1A). These carbohydrates are presented in the
glycan structures of several clinically relevant pathogens (for
instance, Helicobacter pylori, Neisseria meningitidis, Pseudomonas
aeruginosa, Campylobacter jejuni, Escherichia coli, among others)
and are often important for their virulence (Schirm et al.,
2003; Horzempa et al., 2008; Hartley et al., 2011; Hopf et al., 2011;
Clark et al, 2016).

Given the importance of glycans as bacterial virulence factors,
the biosynthetic machineries that work on these unusual
carbohydrates are interesting targets for novel antibacterial
therapeutics (Bhat et al., 2019). To date, prominent antibiotics
that target bacterial glycans are small-molecule inhibitors of

peptidoglycan production (Tra and Dube, 2014). Among those,
the best known are broad-spectrum antibiotics such as penicillin
(Park and Strominger, 1957) or vancomycin (Perkins, 1969).
Although the use of these drugs has met large success in the
clinic, significant drawbacks are associated with these
therapeutics. Firstly, the misuse of antibiotics has led to a
rapid development of multi-resistant bacteria that are now
unsusceptible to most antibacterial treatments (World Health
Organization, 2014). Secondly, antibiotics do not act strain
specifically and thus cause damage to the commensal gut
microbiome leading to side effects and further health
complications such as infections with opportunistic pathogens
like Clostridium difficile (Keeney et al., 2014). Therefore, there
is a high demand for novel bacteria-specific therapeutics.
Alternative strategies, in which the virulence factors of
pathogenic bacteria are therapeutically targeted, have gained
more attention over the years (Clatworthy et al.,, 2007; Dickey
et al., 2017). Drugs targeting virulence factors are collectively
called antivirulence drugs or pathoblockers (Calvert et al., 2018).
Because virulence factors are not essential for the survival of
most bacterial pathogens, their inhibition puts little selective
pressure on the organisms for the development of resistance
(Calvert et al.,, 2018). Furthermore, many virulence factors are
pathogen-specific, and antivirulence drugs hold the promise to
act in a strain-specific way and thereby do not exhibit harmful
effects of broad-spectrum antibiotics on the gut microbiome
(Dickey et al., 2017). Importantly, a multitude of bacterial virulence
factors are glycosylation products, including oligo- and
polysaccharides, glycoproteins, and glycosyltransferase effector
proteins. They feature bacterial species-specific monosaccharides
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and have unique structures which make them promising candidates
for the antivirulence therapies. Although to date no antivirulence
drugs are widely used in the clinic, there are already Food and
Drug Administration (FDA)-approved antivirulence therapeutics
available and many more in the stage of clinical or preclinical
development (Dickey et al., 2017). Several experimental approaches
have been developed that target bacterial GTs, biosynthetic
enzymes of rare bacterial carbohydrates, and metabolic inhibitors
of glycosylation (Ménard et al, 2014; El Qaidi et al, 2018;
Williams et al.,, 2020). Together, these methods may provide
future directions for the treatment of bacterial infections by
targeting the bacterial glycosylation machinery.

In this review, the idea of targeting bacterial glycosylation
systems for the development of novel antibacterial therapeutics
is explored. Several important classes of bacterial virulence factors
are discussed, alongside the strategies developed for their inhibition.
Finally, we discuss the potential new glycosylation targets for
inhibitors and provide the outlook and future perspectives.

PART 1: GLYCOSYLATION OF
BACTERIAL VIRULENCE FACTORS AND
INHIBITION STRATEGIES

Motility

Flagellar Glycosylation of C. jejuni and H. pylori
Many pathogenic bacteria rely on motility during different
stages of their infection process (Figure 1B). Especially, flagellar

motility has been shown to play a critical role in successful
infection in many organisms, as it contributes to bacterial
movement, adhesion, and biofilm formation. In addition, the
glycosylation of flagella is crucial for the proper assembly of
flagellar structures and their motility function (Logan, 2006;
Merino and Tomads, 2014).

Flagellar glycans feature diverse structures and often
incorporate bacteria-specific monosaccharides. For instance, in
the gastric pathogens H. pylori and C. jejuni the unique bacterial
carbohydrates pseudaminic acid (Pse), legionaminic acid (Leg),
and derivatives containing acetamidino and methylglycerol
moieties are required for the proper assembly of flagella (Ud-Din
and Roujeinikova, 2018). Biosynthesis of Pse is a multi-step
process that relies on several enzymes (PseB-Psel), as shown
in Figure 2A (Ud-Din and Roujeinikova, 2018). H. pylori and
C. jejuni strains expressing non-functional Pse biosynthesis
genes show defects in the formation of flagella and are thus
non-motile and less virulent (Linton et al., 2000; Goon et al.,
2003; Schirm et al., 2003; Guerry et al, 2006; Schoenhofen
et al,, 2006; Hopf et al.,, 2011; Javed et al., 2015a). Consequently,
the inhibition of the Pse biosynthesis in these bacterial species
is a promising antibacterial strategy.

Small-molecule inhibitors of Pse biosynthesis enzymes of
H. pylori were identified using high-throughput screening (HTS)
and virtual screening (VS) approaches in combination with
kinetic studies and structure-activity relationship (SAR) analysis
(Ménard et al., 2014). Ultimately, three PseB inhibitors were
identified with a conserved N-phenyl-2-pyrrolidone core featuring
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A L-Glu  a-ketoglutarate OH
HO o} : OuDP \ :’ HiC OUDP
HO - HoN
AHNG e NHAc PseC I NHAC
1]
Ac-CoA
PseH
CoA
OH
HaC— OH _— OH
Psel se HsC -
ACHWCOOH AcHNw 47_? AcHN 2/ oupP
- HAc
NHAC P PE H,0 v Rine
R, Q Wcm
§ N o 0~ HO
o) B \ XN \ A NHAc
HO (0]
CD36508 (IC50 = 15.1 uM) CD26389 (IC5¢ = 14.1 uM) CD24868 (IC50 = 12.3 uM) Pse5Ac7Am
FIGURE 2 | (A) Biosynthetic pathway of Pse in Campylobacter jejuni and Helicobacter pylori; (B) Structures of the PseB inhibitors CD36508, CD26389, and
CD24868 with their respective ICs, values in pM (Ménard et al., 2014).
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different substitution patterns on the phenyl groups (Figure 2B).
These three PseB inhibitors exhibited ICs, values of ~14puM
in vitro on purified PseB enzymes. Importantly, the inhibitors
were also able to penetrate the bacterial cell wall and inhibit
flagellin production in C. jejuni in a dose-dependent manner
as determined by whole cell ELISA. The relatively low ICs,
and the ability to cross the bacterial cell wall make these
compounds interesting molecules for further development into
clinical antibacterial drugs.

In addition to the O-linked flagellin glycosylation with
unmodified Pse, C. jejuni also decorates its flagellin with Pse
variants, mainly Pse derivative 7-acetamidino-Pse (Pse5Ac7Am;
Figure 2B) in which an acetamido group has been substituted
for an acetamidino moiety (Thibault et al., 2001; Schirm et al.,
2005; Logan et al, 2009). Interestingly, the phage protein
FlaGrab [previously called Gp047 (Sacher et al., 2020)] of the
Campylobacter phage NCTC 12673 specifically binds to
Pse5Ac7Am-modified flagellins of C. jejuni, resulting in reduced
motility and partially inhibition of cell growth (Javed et al,
2015a,b). The C-terminal flagellin binding domain of FlaGrab
has only been used for the detection of C. jejuni and C. coli
so far (Singh et al, 2011, 2012; Javed et al., 2013). While a
therapeutic use of FlaGrab against C. jejuni infections remains
attractive, it has not yet been further explored. Notably, the
C. jejuni strains 12661 and 12664 show reduced binding by
FlaGrab due to strain-specific glycan remodeling mechanisms
(Sacher et al., 2020). Still, the example of FlaGrab points out
the promises of phage proteins as potential therapeutic agents
against pathogenic bacteria specifically targeting glycans or
other (glycosylated) bacterial structures.

Flagellar Glycosylation of C. difficile

The motility of C. difficile, an opportunistic Gram-positive
pathogen, is dependent on O-glycosylation of its flagellum
protein FliC. C. difficile strains display two different glycan
structures (Twine et al.,, 2009; Faulds-Pain et al., 2014), with
the core N-acetyl-B-glucosamine (B-GIcNAc) as the only
conserved residue (Figure 3). NMR studies revealed that the
type A O-glycan of the C. difficile 630 (Figure 3A) is composed
of the core B-GlcNAc residue modified with an N-methylated
Thr via a phosphate at the C3 position (Faulds-Pain et al.,
2014). The more complex type B flagellar glycosylation (in
strains BI-I, NAP-I, and ribotype 027) is composed of a Ser/

Thr-linked B-GlcNAc, elongated with two rhamnose residues
(O-methylated at the C3 position, Figure 3B; Bouché et al,
2016). An alternative structure featured an additional 3-amino-
3-deoxy-p-fucose (Fuc3N in Figure 3B) modified with a
sulfopeptide (Gly-Ala-taurine) at the C3-amino group (Bouché
et al,, 2016). The glycosyltransferases involved in the synthesis
of the type B glycan include GT1 (core GlcNAc transfer onto
Ser/Thr), bifunctional GT2 (Rha transfer and Rha methylation),
and GT3 (partially involved in the synthesis of the sulfopeptide;
Valiente et al., 2016). C. difficile knockout strains of GT1 and
GT2 both resulted in decreased motility of the bacterium,
whereas a GT1 deletion mutant showed only reduced adherence.
These enzymes are interesting targets for antivirulence strategies,
as the type B glycan is increasingly associated with the emerging
hypervirulent and more aggressive strains of C. difficile (e.g.
RT027, RT023).

Immune Evasion

Capsular Polysaccharides

Capsular polysaccharides (CPS; Figure 1B) of Gram-negative
and Gram-positive bacteria are constituents of the bacterial
glycocalyx, providing protection to immune system recognition.
Interestingly, the CPS of bacterial pathogens are often found
to contain carbohydrate epitopes that mimic those of human
cells which help to evade the immune system and promote
infection (Cress et al., 2014). Consequently, encapsulated bacterial
pathogens tend to be more virulent as they are less susceptible
to immune system recognition and penetration of the antibiotics.
Rendering bacterial pathogens non-encapsulated is an attractive
prospect, as it would make the bacteria vulnerable to the innate
immune response or resensitize the resistant strains to
antibacterial treatments.

The CPS of pathogenic E. coli (so-called K capsules or
K antigens) display highly diverse glycan structures, and
~80 different CPS are reported and classified into four
groups depending on their assembly and export machinery
(Whitfield, 2006). An interactive overview of the E. coli K
antigens, their structures, and 3D modeling can be found
in the E. coli K antigen 3D structure Database (EK3D;
Kunduru et al., 2016).!

'www.iith.ac.in/EK3D/

A

Thr

Type A glycan C. difficle 630

Taurine

Type B glycan C. difficle R20291

Fuc3N

’- GlcNAc  (P) Phosphate A Rhamnose Me Methyl group

FIGURE 3 | Flagellar glycan structures of Clostridium difficile. (A) Type A glycan. (B) Type B glycan.
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For example, the K15 antigen (Figure 4A) of enterotoxigenic
E. coli O6:K15 is a polymer containing a-GlcNAc(1->5)-
a-Kdo(2->4) disaccharide repeating units (Azurmendi et al.,
2020), the K1 capsule (Figure 4A) of uropathogenic E. coli
(UPEC) is composed of a-2,8-Neu5Ac repeats, and the K5
capsule is a polymer of a-GlcNAc(1->4)-B-GlcA(1->4) repeats
(Figure 4A). The highly acidic capsule polysaccharides enhance
bacterial survival by sequestering the antimicrobial peptides
produced by the host immune system. A capsule-specific phage
screen was used to identify inhibitors of CPS synthesis of
UPEC K1 and K5 capsules (Goller and Seed, 2010). The most
potent compound was 2-(4-phenylphenyl)benzo[g]quionoline-
4-carboxylic acid (also called “C7,” Figure 4A), which showed
an IC,, value of 12.5-25uM with UPEC K1 UTI89. C7 was
evaluated in a variety of biochemical studies and was shown

to specifically disrupt the oligomerization of the E. coli Kl
antigen leading to its absence on the outside of the cell.
Importantly, upon treatment with C7, the E. coli cells were
more susceptible to human serum and the compound proved
to be active also on clinical E. coli isolates. In a follow-up
study, compounds DU003 and DUO11 (Figure 4A) were identified
from a structurally diverse set of small-molecule inhibitors,
because they improved pharmacological properties (ICs,
solubility, toxicity, permeability and plasma stability; Goller
et al., 2014). Compound DUO11 was later shown to attenuate
CPS production in E. coli via interaction with the multi-drug
efflux pump transcriptional regulator MprA (Arshad et al,
2016). Notably, this mode of inhibition was found to
be antivirulent in nature, as it did not lead to the development
of antibiotic resistance (Arshad et al., 2016).
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FIGURE 4 | (A) Structures of the capsular polysaccharides of Escherichia coli and inhibitors described in this section. (B) Structures of the capsular
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A different strategy to de-encapsulate E. coli is based on
phage-derived polysaccharide depolymerases (Lin et al, 2017).
Several depolymerases were tested for their in vitro and in vivo
(mouse models) activity with depolymerase enzyme K5 displaying
the highest efficacy and consequent survival of mice. Importantly,
the enzymes tested in this study (K1E, K1E K1H, K5, and K30)
were not toxic when injected in animals (based on survival,
behavior and body weight monitoring for 5days). Furthermore,
when E. coli was tested in a serum sensitivity assay, in the
presence of depolymerases, the viability of the cells was reduced
significantly, with K5 depolymerase displaying the most pronounced
effect. The high specificity of depolymerases toward certain CPS
structures represents a potential novel narrow-spectrum treatment.

The capsules of Acinetobacter baumannii are the main
virulence factor of these bacterial species (Harding et al., 2017).
Their CPS structures feature an impressive diversity of
monosaccharides in repeating units and linkages, all of which
complicate the development of treatments, especially vaccines
(Singh et al, 2019). For example, a study of the association
of different A. baumannii capsule types with carbapenem
resistance revealed four main serotypes that contribute to
resistance (KL2, KL10, KL22, and KL52), indicative of the
importance of capsule structure in infection (Hsieh et al., 2020).

The repeating K units of A. baumannii CPS typically consist
of 2-6 monosaccharide units and feature glucose, galactose,
glucuronic acid, and nonulosonic acid, among others, also with
acetyl or acyl modifications (K83 and K11; Figure 4B; Singh
etal., 2019). Interestingly, several clinical isolates of A. baumannii
(strains KL106, KL112, 48-1789, MAR24) were found to contain
the bacterial monosaccharides 6-deoxy-L-talose and L-rhamnose
(Kenyon et al., 2017; Kasimova et al., 2021). Importantly, dTDP-
6-deoxy-L-talose is produced either from dTDP-L-Rha by the
action of C4-epimerase or from dTDP-6-deoxy-L-lyxo-hexos-
4-ulose by C4-reductase (Figure 4C; Kenyon et al, 2017).
Consequently, the disruption of the dTDP-L-Rha biosynthesis
pathway (rmIABCD cluster) can potentially abolish the synthesis
of both rare monosaccharides in A. baumannii.

Lipooligosaccharides of Neisseria gonorrhoeae
and C. jejuni

Lipooligosaccharides (LOS) are a major family of glycolipids
presented on the outer membrane of the Gram-negative bacteria,
and they play central roles in the virulence of many pathogens
such as Neisseria gonorrhoeae and C. jejuni. Among other
functions, LOS may aid pathogens in evading the host immune
system or conferring immune resistance (Preston et al., 1996;
Harvey et al., 2000; Song et al., 2000).

Several N. gonorrhoeae strains express the tetrasaccharide
lacto-N-neotetraose (LNnT) at their LOS termini which mimics
the terminal glycan structure of the human glycosphingolipid
precursor paragloboside (Mandrell et al.,, 1988; Tsai and Civin,
1991). The LNnT termini of LOS can be sialylated with
N-acetylneuraminic acid (Neu5Ac) by the N. gonorrhoeae
sialyltransferase LsT (Figure 5Aa; Mandrell et al, 1990, 1993;
Gulati et al, 2005; Packiam et al., 2006). The sialylated LNnT
motif confers resistance to the bactericidal effect of the complement
system, a trait also denoted as “serum resistance,” and enables

immune evasion (Mandrell et al., 1990; Wetzler et al., 1992;
Ram et al,, 1998, 2017; Gulati et al., 2005; Ricklin et al., 2010).
Due to its key role in the establishment and maintenance of
an infection by immune evasion, LsT of N. gonorrhoeae is
therefore an attractive target for antivirulence intervention. In
recent studies (Gulati et al., 2015), several CMP-nonulosonate
analogues were identified which partly inhibited serum resistance
and relieved the burden of gonococcal infection in mice models.
Of the identified CMP-nonulosonate analogues, CMP-Leg5,7Ac,
and CMP-ketodeoxynonulosonate (CMP-Kdn; Figure 5B) were
found to be most promising as future therapeutics (Gulati et al,
2020). Both compounds were stable in an acidic environment
mimicking the human vaginal site of infection. Furthermore,
they effectively treated infection with multi-drug-resistant
gonococci in mice models presenting a humanized sialome or
expressing a humanized complement system. Thus, CMP-Leg5,7Ac,
and CMP-Kdn are promising candidates for future therapeutics
against multi-drug resistant N. gonorrhoeae strains. Interestingly,
their mode of action follows the mechanism of metabolic
oligosaccharide engineering (MOE), as will be discussed in
section “Promising Strategies to Abolish Bacterial Glycosylation
Systems”. Interestingly, a recent study identified an alternative
terminal epitope of LNnT, featuring a Kdo residue that was
transferred by the sialyltransLsT (Jen et al., 2021). This specific
LOS structure was identified in the clinical isolates of N.
gonorrhoeae and shown to be recognized by anti-Kdo monoclonal
antibody 6E4 with potential for the future vaccine development.

Biosynthesis of the LOS core of Campylobacter jejuni is
performed by a series of carbohydrate biosynthesis and
glycosyltransferase enzymes. Whereas the inner LOS core of
C. jejuni (which contains two heptose and two glucose moieties)
is conserved (Klena et al., 1998; Gilbert et al., 2002; Kanipes
et al., 2004, 2006), the outer core LOS is highly variable among
C. jejuni strains. For example, the outer LOS core of C. jejuni
strains CCUG 10938 and 10,950 contains the monosaccharides
Gal, GalNAc, and Neu5Ac, which together resemble the terminal
saccharides of host gangliosides GM1 or GD1a (Figures 5Ab-e;
Yuki et al, 2004; Goodfellow et al, 2005; Godschalk et al,
2007; Janssen et al., 2008; Jasti et al., 2016). Bacterial strains
that express the enzymes to produce these host-mimicking
epitopes have been linked to the development of the autoimmune
Guillain-Barré syndrome (GBS) wherein autoantibodies induce
damage to nerve gangliosides (Nachambkin et al., 2002; Godschalk
etal., 2004; Mortensen et al., 2009; Poole et al., 2018). Counteracting
the molecular mimicry of C. jejuni is therefore of interest for
reducing immune evasion and severity of GBS following a
C. jejuni infection. Inhibition of the glycosyltransferases that are
required to build the core LOS glycans of C. jejuni would be an
effective way to preclude the immune evasion caused by molecular
mimicry of C. jejuni.

Lipopolysaccharides of P. aeruginosa

The Gram-negative bacterial pathogen P aeruginosa produces
two main types of the lipopolysaccharides: common
polysaccharide antigen (CPA) with p-Rha repeats as an outer
core (Figure 5Af) and O-specific antigen (OSA) with varied
structures across 20 serotypes (heteropolymer of 2-4
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monosaccharides: GalNAc, GlcNAc, ManNAc, QuiNAc, GulNAc,
FucNAc, L-Rha, Xyl, among others; Lam et al, 2011). Both
types of LPS are important for the pathogenesis and survival
of P aeruginosa, as they confer serum resistance, prevent
phagocytosis, and promote swimming and swarming motility
and biofilm formation (Huszczynski et al., 2020).

Due to the importance of rhamnose in the infection strategies
of P aeruginosa, the dTDP-L-Rha donor synthesis pathway is
an attractive antibiotic target. Several studies explored substrate
mimics as inhibitors of the TDP-L-Rha biosynthesis. For example,
thymidine-based allosteric inhibitors have been developed for
RmlA, the first enzyme in the TDP-Rha synthesis that performs
condensation of the glucose-1-phosphate (G1P) with thymidine
triphosphate (dTTP; Alphey et al., 2013). The library screen
and subsequent optimization of the lead compounds yielded
a potent inhibitor (called “8a,” Figure 5B) with ICs, of 0.073 uM,
as determined in vitro. Importantly, via X-ray structure
determination and SPR analyses, the authors deduced that 8a
acts as a competitive allosteric inhibitor of glucose-1-phosphate
binding. The allosteric site of the RmlA plays a role of inducing
a negative feedback loop of the TDP-Rha synthesis upon binding
the TDP-Rha. It is hypothesized that binding of 8a locks the
tetrameric enzyme in a fixed conformation, which prevents
GIP binding in the active site.

In a different study, a panel of L-rhamnose 1C-phosphonate
and (fluorinated) ketosephosphonate compounds was prepared
and evaluated as inhibitors of the TDP-L-Rha biosynthesis

enzymes from P aeruginosa and Streptococcus pneumoniae
(Loranger et al., 2013). L-rhamnose 1C-phosphonate (called
“11, Figure 5B) was determined to be the best with an ICj,
of 5.7mM. Compound 11 is expected to behave as a competitive
inhibitor of the G1P binding in the active site of Cps2L of
S. pneumoniae (RmlA in P aeruginosa), and addition of a
thymidine moiety may improve the potency of the inhibitor.

Biofilms

Bacterial biofilms are complex entities comprised of aggregated
bacterial cells enclosed in a secreted matrix that contains
polysaccharides, proteins, lipids, and extracellular DNA and
typically attached to the (a)biotic surfaces. Biofilms are
characterized by increased resistance to antimicrobials and
subsequent enhanced survival of bacteria in the biofilm and
feature a distinct metabolic and genetic makeup (Flemming
et al., 2016). Microbial biofilms are of great concern in the
context of hospital infections (especially via medical devices),
and multiple methods have been developed to study and mimic
biofilm formation (Azeredo et al., 2017). Antibiotic resistance
conferred by biofilms results in recurring or chronic infections
which are responsible for a great personal and healthcare burden
(Sharma et al., 2019). Therefore, methods to prevent or disrupt
the biofilms are of great importance. A plethora of small-
molecule therapeutics, enzymes and physical methods for biofilm
prevention, inhibition, and dissemination have been developed
(Verderosa et al., 2019; Ghosh et al., 2020; Pinto et al., 2020).
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Whereas bacterial capsules generally confer enhanced survival
for encapsulated pathogens (as described above), they also
display inhibitory properties toward competing microbial species.
For instance, a soluble polysaccharide (K2 capsule, Figure 6)
secreted by UPEC was found to have anti-adhesive properties
that preclude biofilm formation of both Gram-negative (E.
coli, K. pneumoniae, and P. aeruginosa) and Gram-positive
species (Staphylococcus aureus, Staphylococcus epidermidis, and
Enterococcus faecalis; Valle et al., 2006). The released CPS of
UPEC tested in the study were shown to reduce the initial
cell surface contacts and interfere with the cell-cell aggregation,
both processes necessary for the biofilm formation. Importantly,
a full-length polysaccharide was required to confer the inhibitory
properties, as hydrolyzed polymer did not exert the same effect.

Similarly, the alginate oligomer OligoG [a-GulA(1->4)-B-
ManA(1->4), Figure 6], currently in stage 2b clinical trials
for cystic fibrosis treatment, was found to dissolve the biofilms
of mucoid P aeruginosa (Hengzhuang et al, 2016). The
low-molecular weight OligoG CF-5/20 (purified from seaweed
Laminaria hyperborea, 85% GulA, and 15% ManA content,
~3,200Da, DP=16) showed synergistic effects when combined
with the antibiotic colistin in a murine lung infection model.
A follow-up study revealed that OligoG interacts with components
of the P aeruginosa EPS, penetrating into the biofilm and
disrupting the Ca**-eDNA complexes involved in the biofilm
maturation process (Powell et al., 2018).

Interestingly, ~biofilms frequently feature multi-species
communities which complicate the development of effective
antibacterial therapies. Consequently, combination therapies and
drug adjuvants are a promising strategy to target and eradicate
several (bacterial) pathogens simultaneously. For instance, the joint

use of antifungal and antibacterial compounds was recently reported
to effectively disperse a Candida albicans-S. aureus biofilm (Rogiers
et al., 2018). These species are postulated to have a mutualistic
relationship, specifically in the context of intra-abdominal infections
(IAIs). In addition, a combination therapy of anidulafungin (against
C. albicans; Figure 6) and tigecycline (against S. aureus; Figure 6)
on a dual-species biofilm in the IAI murine model showed a
synergistic effect, eradicating S. aureus more effectively compared
to the treatment with tigecycline alone. Increased administration
of anidulafungin resulted in the reduced presence of poly-f-1,6-
N-acetylglucosamine (PNAG) which is a major polysaccharide
constituent of the S. aureus biofilm EPS. It was hypothesized
that the mode of action of anidulafungin parallels the action of
caspofungin, which was previously reported to disrupt the function
of the PNAG-synthesizing N-acetylglucosamine transferase IcA
(Siala et al., 2016). When used as an adjuvant with fluoroquinolones,
which are typically used to treat S. aureus infections, anidulafungin
showed a marked synergistic effect, resulting in enhanced penetration
of fluoroquinolones into the biofilm, possibly due to the decreased
PNAG presence.

Exotoxins

Bacterial pathogens actively modulate host immune and tissue
cells processes to evade recognition and promote survival and
spread in the host (Sastalla et al., 2016). This is achieved, for
instance, via the secretion of bacterial exotoxins with
glycosyltransferase activity which alters or disrupt specific host
processes (Sastalla et al, 2016). For example, NleBl of
enterohaemorrhagic E. coli (EHEC), enteropathogenic E. coli
(EPEC), and Citrobacter rodentum, and SseK of Salmonella
enterica are conserved glycosyltransferase effectors, that are
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H
y OHO OHO o LN HNL
OH
N N NH HoN HO' 0
H 2
o) e HN__o
H

Tigecycline

O Gal

a-1.4 14

85% 15%
OligoG CF-5/20

H

Caspofungin

Frontiers in Microbiology | www.frontiersin.org

103

September 2021 | Volume 12 | Article 745702


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Yakovlieva et al.

Targeting Bacterial Glycosylation Systems

injected into the host cells by a type III secretion system
(Figure 7A). These exotoxins transfer $-GIcNAc to arginine
residues on host cell proteins, such as serine/threonine-protein
kinase 1 (RIPK1), tumor necrosis factor receptor (TNFR) type
1-associated DEATH domain protein (TRADD), the Fas-associated
protein with death domain (FADD), and the mammalian glycolysis
enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Glycosylation of these target proteins results in the inhibition
of innate host immune responses facilitating spread and host
cell infection (Gao et al., 2013; Li et al., 2013; Pearson et al., 2013;
Esposito et al., 2018; Park et al., 2018).

Inhibitors directed against NleB1, as well as the S. enterica
analogues Ssekl and Ssek2, have been identified and showed
promising results as new antivirulence agents. In a recent study,
a small-scale high-throughput screen for inhibitors of NleB1
of EPEC and EHEC was performed using a library of 5,160
small-molecule compounds (El Qaidi et al.,, 2018). Using this
setup, two compounds, 100066N and 102644N (Figure 7B),
were found to inhibit Nlebl and SseK1/SseK2 activity in vitro,
as well as NleB1 activity on mammalian HEK293 cells. The
compounds inhibited replication of S. enterica strain ATCC
14028 in mouse macrophage-like cell infection assays, while
they were not cross-reactive toward mammalian O-linked
N-acetylglucosaminyltransferases (OGT) and did not inhibit
growth of S. enterica bacterial cultures indicating that they
are not bactericidal (El Qaidi et al., 2018). Since compounds
100066N and 102644N have relatively low solubilities and are
not commercially available, a library screen of 42,498 compounds,

characteristics for future chemical optimization, was performed.
In this new screen, the commercially available compound
sepantronium bromide (YMI155, Figure 7B) was found to
robustly inhibit NleB/SseK glycosyltransferases. YM155 was
previously described as a small-molecule inhibitor of survivin,
which belongs to the inhibitor of apoptosis (IAP) protein family
(Ambrosini et al., 1997; Nakahara et al., 2007). While the
inhibition of NleB/SseK is concentration-dependent, YM155
did not cross-react with the human OGT enzyme, supporting
its specificity to NleB/SseK glycosyltransferases. In addition,
YM155 did not exhibit toxicity in RAW264.7 cells (Zhu et al,,
2021). However, the effect of YM155-mediated inhibition on
survivin has not been characterized in the study. The growth
of C. rodentium, EHEC, or S. enterica cultures was not significantly
altered at maximum concentrations of YMI155 (125uM).
Furthermore, treatment of macrophage RAW264.7 cells with
YM155 reduced the amount of infected, intracellular bacteria
as quantified by Salmonella infection assays. Compared to
100066N and 102644N, YM155 is less potent, but showed
higher solubility and is easier to chemically modify for future
structural improvements. Together with its commercial
availability, YM155 poses an interesting candidate for further
characterization and chemical modification and development
into a future antivirulence drug.

TcdA/B Toxins of C. difficile

One of the best-studied examples of bacterial cytotoxins is
TcdA and TcdB of the opportunistic pathogen C. difficile,

containing more diverse chemical scaffolds with favorable with TcdB expressed predominantly in hypervirulent
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FIGURE 7 | (A) NIeB/Ssek exotoxin system. (B) Developed inhibitors against NleB/Ssek discussed in this section.
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strains (Figure 8A). These clostridial toxins are the main
determinants of bacterial pathogenesis, as they form pores in
the host cells and modulate cell death, thereby spreading the
infection. TcdA/TcdB toxins are composed of four domains,
namely, transporter domain, receptor-binding domain, cysteine
protease domain (CPD), and an N-terminal glycosyltransferase
domain (GT; Di Bella et al., 2016; Aktories et al., 2017). Upon
acidic endocytosis into the host cell, the toxins are translocated
through the membrane where the CDP domain catalyzes cleavage
and release of the N-terminal GT domain (Figure 8A; Di
Bella et al, 2016). Subsequently, the GT domain transfers
D-glucose onto threonine residues of host cell Rho-guanosine
triphosphatases (Rho-GTPase; Just et al., 1995a,b; Kuehne et al.,
2010). This leads to necrosis characterized by cell rounding,
membrane blobbing, and finally, cell death (Sehr et al., 1998;
Genth et al., 1999; Voth and Ballard, 2005).

Several HTS studies were performed to identify small-molecule
inhibitors of C. difficile toxins. A screen of six million compounds,
followed by extensive optimization of the lead compounds via
chemical synthesis and SAR analysis, yielded compounds “13j”
and “131” (Figure 8B). These compounds share a
benzodiazepinedione core and displayed potent inhibitory activity
against TedB (low nM ICs, in vitro, low pM in a cell assay;
Letourneau et al, 2018). Interestingly, the compounds were
not bactericidal to C. difficile or gut bacteria. However, all
potent compounds demonstrated low mouse plasma stability

the biological evaluation of compound VB-82252 (Figure 8B),
which exhibited low plasma stability, but high oral bioavailability
(Stroke et al., 2018). Compound VB-82252 was found to be a
potent inhibitor (ICs, of 32nM) of UDP-Glc hydrolysis by
TcdB (used as a measure of TcdB activity), as determined in
an in vitro assay (Stroke et al, 2018). The compound was
effective in preventing CHO cells rounding in an assay with
several strains of C. difficile. The therapeutic efficiency of
VB-82252 was further evaluated in a mouse and hamster
C. difficile disease model, where it was effective in sustaining
body weight and prolonging the survival of the animals.

In addition, the cell rounding assay was also employed to
quantify the effects of various approved therapeutics on TcdB
toxins inhibition (Tam et al,, 2018). From this library screen
assay, the drug niclosamide (Figure 8B), originally developed
to treat GI parasites, was most potent (ECs5~0.5 pM) in
protecting the human cells from rounding. Interestingly,
niclosamide does not inhibit the TcdB toxin directly, but instead
increases the pH of the host endosomes which disrupts the
toxin uptake into the cells. Treatment with niclosamide was
effective in a murine model of infection while it exhibited no
bactericidal effect on C. difficile or beneficial gut bacteria
(determined with an MIC assay and diversity monitoring,
respectively).

In an alternative approach to TcdA/B inhibition, small-
molecule inhibitors of the cysteine protease domain (CPD) of

and rapid clearance. The same research group also reported the C. difficile toxin were identified (Bender et al, 2015).
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By utilizing fluorescence-polarization HTS of compound libraries
with clinically safe drugs (e.g., LOPAC library), multiple inhibitors
were identified, with the selenium-containing drug ebselen
(Figure 8B) exhibiting the highest potency (ICs, 6.9nM).
Notably, the drug could preclude the GT domain release and
cell rounding. The effects of the drug were confirmed to be due
to the prevention of Rho-GTPases glucosylation, and it was
shown to be effective in a murine model of C. difficile infection.
Importantly, ebselen is a developed drug in late clinical trials
for the treatment of tinnitus, hearing loss, and bipolar disorder
and has been proven safe for use in humans.

Besides conventional antibiotics to treat a C. difficile infection,
the TcdB-neutralizing antibody bezlotoxumab is an
FDA-approved therapy against recurring C. difficile (Zinplava,
Merck; Navalkele and Chopra, 2018). Bezlotoxumab binds the
N-terminal part of the receptor-binding domain of the TcdB
toxin, preventing toxin binding and entry into host cells (Orth
et al.,, 2014). It was also effective against hypervirulent C. difficile
strains (NAP1, BI, 027). Currently, bezlotoxumab is only used
in combination with antibiotic treatments and is not a stand-
alone therapy against C. difficile.

PART 2: FUTURE PERSPECTIVES

Bacterial Protein Glycosylation Systems as
Promising Targets

Adhesins and Autotransporters

Adhesion is one of the first step in the bacterial colonization
of the host. It is mediated by various adhesion factors presented
on the surface of the bacterium that recognize and bind to
the host cell receptors (Chagnot et al., 2013; Poole et al., 2018).
Adhesin proteins in particular are often (hyper)glycosylated,
and the presence of glycans often plays a vital role for their
stability and proper function (Lu et al, 2015). Therefore,
glycosylation of the adhesion factors is an attractive target for
the development of novel anti-adhesive therapies.

O-Heptosylation of the Self-Associating
Autotransporters

Diffusely adhering E. coli (DAEC), enterotoxigenic E. coli
(ETEC), and the murine pathogen Citrobacter rodentium share
a common adhesion mechanism to host cells. These bacteria
rely on a type Va secretion system, which is also called a
self-associating autotransporter (SAAT) system (Lu et al., 2014).
Autotransporter proteins consist of a C-terminal p-barrel domain
that forms a transport channel in the outer membrane and a
passenger domain which is translocated through this channel
and fulfils the effector adhesion function (Leyton et al., 2012).
In DAEC, ETEC, and C. rodentium, the passenger domains
of autotransporters AIDA-I, TibA, and CARC, respectively, are
O-hyperglycosylated with bacteria-specific D-glycero-p-manno-
heptose (ppManHep Figure 1) by a cognate GT belonging
to the bacterial autotransporter heptosyltransferase (BAHT)
family (Lu et al., 2014, 2015). Hyperglycosylation is important
for the successful adherence of AIDA-I to HeLa cells

(Benz and Schmidt, 2001) and was later found to enhance
protein stability (Charbonneau et al., 2007). Similarly, TibA is
the SAAT of enterotoxigenic E. coli and depends on
hyperheptosylation for stability as it was found to mediate its
(re)folding and subsequently influence adherence function (Coté
et al.,, 2013). Interestingly, heptose residues also constitute the
LPS core of Gram-negative bacteria, and the synthesis pathway
of ADP-L-glycero-f-p-manno-heptose (Kneidinger et al., 2002)
is considered a promising target for inhibitors. Several studies
have already identified inhibitors with ICs, values in the milli/
micromolar range (De Leon et al.,, 2006; Kim et al., 2021a,b).
It would be interesting to investigate whether these inhibitors
indeed abolish SAAT hyperheptosylation and subsequent
adherence of the bacterial cells.

N-Glycosylation of HMW Adhesins and Trimeric
Autotransporters

Non-typeable Haemophilus influenzae (NTHi) utilizes a type
Vb secretion system (also called two-partner secretion (TPS)
pathway) to transport and present high molecular weight
(HMW) adhesin proteins on the surface as a first step in host
colonization (St Geme et al., 1993; Grass and St Geme, 2000).
Stability and efficient surface tethering of HMW adhesins is
dependent on N-hyperglycosylation on asparagine with simple
mono- and disaccharides of glucose (Glc; Grass et al., 2003).
A total of 31 glycosylation sites have been identified at asparagine
residues in the Asn-X-Ser/Thr consensus sequence of HMW1A
(Grass et al., 2003, 2010; Gross et al., 2008), modified by the
action of the associated glycosyltransferase HMWI1C (Grass
et al,, 2010). Interestingly, the glycosylation of HMWI1A by
HMWIC follows an unconventional OTase-independent
N-glycosylation pathway, wherein cytoplasmic HMW1C transfers
single nucleotide-activated carbohydrates to the acceptor protein
HMW1A. Upon deletion of the genes encoding for HMWI1C
and UDP-GIc biosynthesis, hmwIc or galU, respectively, HMW1A
surface presentation as well as adhesion to epithelial cells was
abolished in vitro (Grass et al., 2010). Interestingly, we recently
revealed that hyperglycosylation is established through a
semiprocessive mechanism in vitro (Yakovlieva et al., 2021).
Homologues of the HMWIC glycosyltransferase have been
identified in Kingella kingae (HMW1Cy,) and Aggregatibacter
aphrophilus (HMW1C,,) where they perform the glycosylation
of cognate trimeric autotransporters Knh and EmaA, respectively
(Rempe et al., 2015). Analogously to the H. influenzae HMW 1A,
abolishing glycosylation of Knh and EmaA was shown to inhibit
the bacterial aggregation and adherence to the host cells.

O-Glycosylation of Serine-Rich Repeat Proteins of
Gram-Positive Bacteria

Multiple members of the serine-rich repeat proteins (SRRPs)
of clinically relevant Gram-positive bacteria are found to
be (hyper) O-glycosylated with carbohydrates that influence
stability and adhesive function. Examples include fimbriae-
associated protein Fapl of Streptococcus parasanguinis, GspB
of Streptococcus gordonii, SraP of S. aureus, PsrP of S. pneumoniae,
and others, which are reviewed elsewhere (Zhou and Wu, 2009;
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Lizcano et al, 2012). Glycosyltransferases termed Gtfl1-Gtf2
(GtfA-GtfB) are responsible for the core GlctNAc modification
on the Ser/Thr residues of SRRPs. These enzyme pairs operate
in tandem with Gtfl performing the glycosylation reaction
and Gtf2 acting as a chaperone and substrate-binding domain
(Wu and Wu, 2011; Chen et al., 2016; Zhao et al., 2018).
After attachment of the initial GIcNAc, the character of the
glycan modifications varies between different SRRPs and features
GIcNAc/Gle (Srrl, GspB; Bensing et al, 2004; Chaze et al,
2014), Glc/GleNAc/Rha (Fapl; Zhu et al., 2016), and GlcNAc
(SraP; Li et al., 2014). The presence of the multiple glycans
on the SRRPs is crucial for their function in conferring adhesion
and biofilm formation of the Gram-positive pathogens and
therefore constitutes an interesting antibacterial target.

Glycosylation of Pili

Neisseria gonorrhoeae produces type IV pili (TFP; Patel et al,
1991) that are required for effective adhesion to epithelial cells
in an initial stage of the infection (Swanson, 1973; McGee
and Stephens, 1984; Virji and Heckels, 1984; Craig et al., 2004).
The glycans of TFP interact with complement receptor 3 (CR3),
an innate pattern recognition receptor expressed on human
cervical cells. The PilE subunits that make up the TFP feature
glycans containing either a N,N’-diactetylbacillosamine
(diNAcBac) or a galactose-modified diNAcBac (Gal(al-3)
diNAcBac) linked to serine residues (Jennings et al., 1998,
2011; Power et al, 2003; Hegge et al., 2004; Hartley et al.,
2011). Only N. gonorrhoeae cells carrying the disaccharide
Gal(a1-3)diNAcBac on their PilE proteins survive infection of
the primary human cervical (Pex) cells, while TFP decorated
with a single diNAcBac die within the cervical cells, even
though they were found to be hyperinvasive. Glycosylation of
PilE follows an OTase-dependent O-glycosylation pathway by
multiple pilin glycosylation genes (pgl), which encode enzymes
for the synthesis and attachment of diNAcBac to an intermediate
lipid carrier, as well as GTs that attach galactose or glucose
to diBacNAc (Hartley et al., 2011). Considering the importance
of PilE glycosylation in the colonization capacity of
N. gonorrhoeae, inhibitors of the pgl enzymes are attractive
antibacterial agents. However, no inhibitors of N. gonorrhoeae
pgl enzymes have been reported to date. Nonetheless, there
are alternative approaches for targeting the interaction between
the glycosylated TFP and CR3. Recently, two clinically approved
drugs have been identified that inhibit the interaction of
glycosylated PilE of N. gonorrhoeae with the 1-domain of CR3.
The drugs carbamazepine and methyldopa act as competitive
inhibitors of CR3 binding and thereby efficiently blocked N.
gonorrhoeae infection in Pex cells. Importantly, both drugs
were also effective against multi-drug resistant gonococci and
did not lead to development of resistance.

Efflux Pump Glycosylation

Efflux pumps are membrane proteins involved in the transport
of various molecules (Alcalde-Rico et al, 2016). In bacterial
pathogens, efflux pumps are often responsible for ejecting antibiotics
from bacterial cells. They are especially prominent in the

multi-drug resistance species and are an attractive drug target,
especially in combination therapies (Ferrer-Espada et al., 2019;
Marshall et al., 2020; Rodrigues et al., 2020).

In C. jejuni, the CmeABC complex is the main multi-drug
efflux pump that confers resistance to various antibiotics. Together,
CmeA, CmeB, and CmeC form a superstructure that spans the
inner membrane, periplasmic space and creates a pore in the
outer membrane of the bacterial cell. It was previously reported
to be N-glycosylated with complex C. jejuni N-glycans (Abouelhadid
et al., 2020). In a recent study, the importance of N-glycosylation
for CmeABC efflux pump function was revealed (Dubb et al.,
2020). Abolishing glycosylation of CmeA, which spans the
periplasmic space, led to the increased accumulation of ethidium
bromide and significant increase in antibiotic susceptibility, both
indicating the impaired functioning of the efflux pump machinery.
Additionally, the loss of CmeA glycosylation resulted in the loss
of colonization ability of the chicken ceca.

Promising Strategies to Abolish Bacterial
Glycosylation Systems

Inhibition by Metabolic Oligosaccharide
Engineering

With the increasing knowledge of bacterial glycosylation systems,
a variety of strategies to inhibit the enzymes involved has
been developed. For instance, inhibitors of the enzymes involved
in production of the carbohydrate-nucleotide donors, such as
dTDP-Rha (vide supra), have been developed and described
elsewhere (Alphey et al., 2013; Loranger et al.,, 2013; Van Der
Beek et al, 2019). In addition, several classes of compounds
have been designed as inhibitors for glycosyltransferases
(Compain and Martin, 2001; Kajimoto and Node, 2009; Tedaldi
and Wagner, 2014; Ema et al., 2018; Conforti and Marra, 2021).
For this review, we decided to focus on the technique of MOE,
as a promising strategy to interfere with bacterial glycosylation
systems in a specific manner.

The technique of MOE, as originally developed by Reutter
(Kayser et al., 1992) and Bertozzi (Mahal et al., 1997; Bertozzi
and Saxon, 2000), relies on hijacking the cell’s own metabolism
to introduce carbohydrate variants with altered properties. In
this way, carbohydrate precursors carrying bioorthogonal handles
can be introduced into the native glycans by permissive enzymes,
allowing the subsequent attachment of reporter groups to detect
carbohydrate incorporation and glycan production. While the
technique was originally developed on eukaryotic cells, the
interest in applying MOE to bacterial cells is steeply rising,
and several bacterial glycans have now been targeted with
unnatural carbohydrates (Tra and Dube, 2014; Clark et al., 2016).

In addition to the promising application of labeling bacterial
glycans for visualization, the MOE technique can also be used
to introduce monosaccharide analogues that inhibit the proper
assembly of bacterial glycans. To this end, both substrate decoys,
which act as surrogate glycan acceptor sites (Dimitroff et al,
2003; Metastasis et al., 2009; Gloster and Vocadlo, 2012; Rillahan
et al,, 2012; Villalobos et al,, 2015), and chain-terminating
carbohydrate analogues, which lack a specific hydroxyl group
for elongation (Li et al., 2016) have been developed for different
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bacterial strains. In a recent study, analogues of DiNAcBac,
FucNAc, and DATDG were employed both as substrate decoys
and inhibitors (Figure 9) to perturb glycan synthesis in H. pylori
(Williams et al., 2020). The benzyl glycoside analogues BnBac,
BnFucNAc, and BnDAT were synthesized as decoy substrates,
and fluoro analogues F-Bac, F-FucNAc, and F-DAT were designed
as chain-terminating inhibitors. Interestingly, treatment of H.
pylori with BnBac, BnFucNAc, and F-DAT resulted in reduction
of glycoprotein synthesis and defects in growth, biofilm formation,
and motility. These functional defects could be largely reproduced
in an isogenic H. pylori AGT mutant lacking a functional
glycosylation system, proving that the MOE approach indeed
has potential to be an antivirulence strategy. In addition, the
analogues under study here also revealed bacteria-specific effects.
In C. jejuni, none of the carbohydrate analogues impacted
glycan biosynthesis or fitness, and only subtle changes were
observed in the commensal Bacteroides fragilis. It will
be interesting to test these carbohydrate analogues in animal
models of infection and to understand their potential as narrow-
spectrum antivirulence compounds.

DISCUSSION

Glycosylation is an intriguing feature of virtually all bacteria,
and increasing amounts of evidence indicate that many bacteria
rely on glycosylation for fitness and infection. As illustrated by
the various examples in this review, especially pathogenic bacteria
are often dependent on glycosylation of biomolecules related to
virulence factors to successfully establish an infection.

Whereas many virulence factors such as adhesins or flagella are
glycosylated by internal GTs, exotoxins act as GTs themselves
and actively modify molecular structures of the host organism
to enable infection (Lu et al, 2015). Given the importance of
virulence factors in the establishment of an infection, novel
approaches that target glycosylation of virulence factors hold
great promise as antibacterial strategy (Clatworthy et al., 2007).
Several antivirulence agents have already been developed, and
many are in (pre)clinical stages (Dickey et al, 2017); however,
only few examples are specifically directed against bacterial glycans
or glycosylation processes (e.g., against TcdA/B; Dickey et al., 2017).

In this review, recent progress is highlighted in developing
strategies to disturb and inhibit bacterial glycosylation enzymes
and products, with a focus on antivirulence factors. While for
some strategies the phenotypical effects are already validated
on whole cells or infection models, others are still in the stage
of proof of inhibition ex vivo (e.g., on isolated enzymes). For
instance, potent small-molecule inhibitors of diNAcBac
biosynthesis in C. jejuni and inhibitors of GTs from Neisseria
and Haemophilus have been developed, but they have not yet
been tested or did not show a phenotypic effect in cell culture
or in vivo models (De Schutter et al., 2017; Xu et al., 2017,
2018). A major challenge for small-molecule inhibitors of
cytoplasmic targets, such as GTs or carbohydrate biosynthesis
enzymes, is to pass the complex bacterial cell wall to gain
cell entrance (Tiz et al., 2018). Indeed, most antivirulence drugs
in advanced preclinical or clinical developmental stages act
on surface-exposed or secreted virulence factors (Dickey et al,,
2017). Various approaches have been developed to overcome
the problem of cell wall permeability which include altering
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of physicochemical properties of the drugs, coupling drugs to
siderophores, inhibiting efflux pumps, and using liposomes as
drug carriers (Tiz et al., 2018). However, there is not a common
consensus about universal rules facilitating drug penetration
yet (Tiz et al, 2018). In addition to the challenge of target
localization, the generation of inhibitors against carbohydrate-
active enzymes is itself a daunting task. The high hydrophilicity
of carbohydrate substrates and pyrophosphate moieties in
nucleotide sugars warrant a creative approach to generate
inhibitors that are also able to arrive at the target location
(Merino et al, 2016). In case of glycosyltransferases, also the
complex mechanism, in which multiple substrates are involved,
complicates this process. The concept of bisubstrate-analogue
inhibitors is a promising strategy (Kajimoto and Node, 2009),
as is the development of bacteria-specific iminosugars (Conforti
and Marra, 2021). Future developments in this area will facilitate
the generation of small-molecule inhibitors of glycosylation
enzymes with better cell wall penetration properties.
Metabolic inhibitors of bacterial glycan biosynthesis hold a
promise to selectively target specific bacteria and their virulence
factors (Williams et al., 2020). As the MOE technique relies
on the peracetylated monosaccharide analogues, the compounds
can successfully pass the bacterial cell membrane. Interestingly,
a recent study reveals that these peracetylated carbohydrates
may suffer from non-enzymatic S-glycosylation in living
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GLOSSARY

Term Definitions

Ac acetyl

ADP adenosine diphosphate

Ala alanine

Asn asparagine

Bac bacillosamine

BAHT bacterial autotransporter heptosyltransferase
CMP cytidine monophosphate

CPA common polysaccharide antigen
CPD cysteine protease domain

CPS capsular polysaccharide

DAEC diffusely adhering E. coli

DATDG 2,4-diacetamido-2,4,6-trideoxygalactose
diNAcBac N, N'-diacetylbacillosamine

DNA deoxyribonucleic acid

DP degree of polymerization

dTDP deoxythymidine diphosphate
dTDP-L-Rha deoxythymidine diphosphate-L-rhamnose
EHEC enterohaemorrhagic E. coli

ELISA enzyme-linked immunosorbent assay
EPEC enteropathogenic E. coli

EPS extracellular polymeric substances
ETEC enterotoxigenic E. coli

FDA Food and Drug Administration

Fuc3N 3-amino-3-deoxy-D-fucose

FucNAc N-acetylfucosamine

G1P glucose-1-phosphate

GAPDH glyceraldehyde 3-phosphate dehydrogenase
GBS Guillain-Barré syndrome

Gl gastrointestinal

Glc glucose

GicA glucuronic acid

GlcNAc N-acetylglucosamine

Gly glycine

GT glycosyltransferase

GulNAc N-acetylgulosamine

HMW high molecular weight

HTS high throughput

1Al intra-abdominal infection

IAP inhibitor of apoptosis

ICso concentration to inhibit 50% enzyme activity
Kdo 3-deoxy-D-manno-octulosonic acid
Leg legionaminic acid

LNnT lacto-N-neotetraose

LOS lipooligosaccharides

LPS lipopolysaccharide

ManA mannuronic acid

ManNAc N-acetylmannosamine

MDR multidrug resistance

MIC minimal inhibitory concentration

MOE metabolic oligosaccharide engineering
NeubAc neuraminic acid

NTHi nontypeable Haemophilus influenzae
OGT O-GlcNAc transferase

OSA O-specific antigen

OTase oligosaccharyltransferase

PNAG poly-p-1,6-N-acetylglucosamine

Pse pseudaminic acid

QuiNAc N-acetylquinosamine

Rha L-rhamnose

Rho-GTPase Rho-guanosine triphosphatases
RIPK1 serine-threonine protein kinase 1
SAAT self-associating autotransporter

SAR structure-activity relationship

Ser serine
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SPR surface plasmon resonance

SRRPs serine-rich repeat proteins

TFP type IV pili

Thr threonine

TNFR tumor necrosis factor receptor

TPS two-partner secretion

TRADD type 1 associated DEATH domain protein
UDP uridine diphosphate

UDP-GIcNAc uridine diphosphate N-acetylglucosamine
UPEC uropathogenic E. coli

VS virtual screening

Xyl xylose
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Advances in experimental capabilities in the glycosciences offer expanding opportunities
for discovery in the broad areas of immunology and microbiology. These two disciplines
overlap when microbial infection stimulates host immune responses and glycan structures
are central in the processes that occur during all such encounters. Microbial glycans mediate
host-pathogen interactions by acting as surface receptors or ligands, functioning as virulence
factors, impeding host immune responses, or playing other roles in the struggle between
host and microbe. In the context of the host, glycosylation drives cell—cell interactions that
initiate and regulate the host response and modulates the effects of antibodies and soluble
immune mediators. This perspective reports on a workshop organized jointly by the National
Institute of Allergy and Infectious Diseases and the National Institute of Dental and Craniofacial
Research in May 2020. The conference addressed the use of emerging glycoscience tools
and resources to advance investigation of glycans and their roles in microbe-host interactions,
immune-mediated diseases, and immune cell recognition and function. Future discoveries
in these areas will increase fundamental scientific understanding and have the potential to
improve diagnosis and treatment of infections and immune dysregulation.

Keywords: glycobiology, glycomedicine, glycoscience, host response, infection, immunity, microbial glycans

INTRODUCTION

During the early months of the COVID-19 pandemic (May 27-28, 2020), an NIH workshop
on “Glycoscience and Immunology at the Crossroads of Biology” was convened on-line. The
component topics of the workshop were infection, immunity, and glycobiology. Each of these
broad areas is the subject of intense scientific investigation, and resulting discoveries have
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advanced human health. Many studies also occur at the
intersections of these fields. For example, infection and immunity
represent two views of the events that occur during and after
encounters between pathogenic microbes and their hosts.
Understanding how these events unfold from each vantage
point has been critical for the development of modern
immunology and microbiology and for the development of
strategies to treat immune dysregulation and infectious disease.
This perspective, like the NIH workshop on which it is based,
focuses on the overlap of glycoscience with each of these two
fields (Figure 1).

Glycans play key roles in infection and immunity: Pathogen
glycans may mediate host interactions and stimulate or inhibit
host immune responses, while host glycans may serve as specific
targets of microbial adhesion molecules or toxins (Varki and
Gagneusx, 2015). Glycans also act in mediating the host response
to infection and in regulating immunity at multiple levels. In
all of these roles, their primary function is molecular recognition,
as opposed to their structural and dietary cousins (more often
termed sugars, saccharides, or carbohydrates).

This brief perspective will use the topics discussed at the
NIH workshop as examples to focus attention on emerging
areas of research and opportunities in the many areas of
infection and immunity where glycans play key roles. It will
also highlight the importance of glycoscience tools for scientific
progress on these topics and identify areas where investment
in basic research efforts will advance knowledge and practice
in glycobiology and glycomedicine.

GLYCANS IN HOST-PATHOGEN
RECOGNITION AND DISEASE

Microbial glycans are incredibly diverse and play critical roles
in the interactions between infectious agents and their hosts
and in the pathogenesis of resulting infections. These compounds
frequently constitute much of the microbial cell surface and
therefore mediate the initial encounters between pathogen and
host cells. Bacteria, for example, are protected by a peptidoglycan
cell wall and often display polysaccharide capsules as well as
other glycan-containing moieties. The cell walls of fungi are
primarily composed of glycan polymers and highly glycosylated
proteins. Many parasites display surface coats that are both
anchored by glycolipids and abundantly glycosylated. Study of
these glycans has revealed novel biological pathways, elucidated
pathogenic processes, and led to the development of vaccines
and therapeutics.

Microbial glycan structures contribute to pathogenesis by
an array of distinct mechanisms. They may physically protect
the invading pathogen, mediate cell adherence or protein
interactions, transmit signaling information, serve as decoys,
or alter the environment to the benefit of the invader, as when
biofilm production reduces the efficacy of antibiotics or efficiency
of host clearance. Tamara Doering presented the opportunistic
eukaryote Cryptococcus neoformans as an example of a pathogen
whose glycans are critical for the development of disease
(Loza and Doering, 2021). This yeast, which is responsible for

Glycoscience \
/ \\
/ | \
biofilms, adhesins mucus layer glycans antibody-effector regulation
glycan capsules innate immune lectins leukocyte extravasation
t lutini gulatory glycan mimics immune cell differentiation
cell walls pathogen glycan shields immune activation/inhibition

FIGURE 1 | Glycoscience, infection, and immunity overlap in multiple areas
that drive pathogen and host function. Color-coded overlap topics mentioned
in the text are listed as examples.

roughly 200,000 deaths from meningitis each year, elaborates
an extracellular capsule that is composed of large (up to millions
of daltons) polysaccharides and can comprise >75% of the
pathogen volume. The capsule, made primarily of mannose
or galactose chains with appendant glucuronic acid and xylose
residues, is required for infection and inhibits host cell
phagocytosis (Gaylord et al., 2020). Shed capsule components
also perturb host immune responses; this material is also the
basis for rapid tests that are valuable for diagnosis of this
frequently lethal infection.

In addition to glycans produced by microbes themselves,
host glycoconjugates are critical in determining the outcomes
of host-pathogen interactions. Influenza virus is a compelling
example of this dual association of glycobiology and
pathogenesis. This virus exploits host glycans by using sialic
acid bearing proteins for cell entry (mediated by
hemagglutinin) and a sialidase (neuraminidase) to trigger
release of budding virions (Gamblin and Skehel, 2010); as
a result, species-specific differences in sialic acid isomers
impact the host selectivity of various strains. For example,
pathogenic human influenza strains all bear hemagglutinins
that bind sialic acid linked to the 6-carbon hydroxyl of
galactose whereas bird influenza binds to sialic acid when
linked to the 3-carbon hydroxyl of galactose. The molecular
switch in human to bird specificity can occur when as few
as two amino acids in the sialic acid binding site of influenza
hemagglutinin are appropriately mutated.

On the flip side, influenza also illustrates how microbial
protein glycosylation can impact host defenses. Seth Zost
discussed how antigenic drift in the influenza virus hemagglutinin
protein may alter its glycosylation, which in turn can change
characteristics of the infection, such as infectivity and viral
fitness, as well as the efficacy of host antibody responses that
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neutralize the virus (Zost et al., 2017; Altman et al., 2019).
Vaccine efficacy may also change in this scenario, both because
the new antigen will induce a distinct antibody response and
because protection conferred by prior immunization may
be less robust.

The exploitation of host glycans by microbial invaders
to advance infection and disease occurs frequently across
domains of microbiology. For instance, Stefan Ruhl discussed
the contributions of host glycan recognition to the physiology
of the oral microbiome. The interactions between lectin-
like adhesins on bacteria and complementary glycan motifs
on glycoproteins adsorbed to tooth enamel play central
roles in initial bacterial colonization. Lectin-glycan binding
also facilitates bacterial coadhesion that leads to the formation
of microbial biofilms. Glycan-driven bacterial-host
interactions are key both to establishing the commensal
oral microbiota and to oral disease progression (Thamadilok
et al., 2016; Cross and Ruhl, 2018). Host glycans can also
significantly impact pathogen behavior by modulating the
immediate pathogen environment. As a striking example,
Katharina Ribbeck presented the effects on epithelial microbes
of host mucus, which is often excluded from experiments
performed in vitro despite its known role in defense against
infection. Her group has shown that mucin-associated glycans
influence multiple microbial functions that are central to
pathogenic processes of yeast and bacteria, including surface
attachment, quorum sensing, virulence gene expression, and
biofilm formation. Released O-linked glycans from highly
glycosylated mucins, such as MUCS5B, retain many of
these effects.

GLYCANS IN TUNING AND CONTROL
OF IMMUNE RESPONSES

As major molecular determinants on cell surfaces, on secreted
proteins, and in the extracellular matrix, glycans are well suited
to regulate molecular recognition and molecular signaling events.
Nowhere is this more evident than in the immune system,
where different types of immune cells respond to secreted
factors, each other, and molecules in their extracellular milieu
to coordinate pathogen clearance while avoiding damage to
host cells and tissues. Glycans and glycan recognition drive
and regulate immune responses at every level and provide
inviting and often untapped opportunities for therapeutic
development targeting immune dysregulation.

Among the most exciting recent findings is that humoral
immunity is tuned by antibody glycosylation. Robert Anthony
and Margaret Ackerman provided clinical and mechanistic
insights related to IgE and IgG glycosylation. Allergen-specific
IgE is absolutely required for allergic symptoms and disease.
Unbiased examination of glycosylation patterns of total IgE
from individuals with a peanut allergy and non-atopic
individuals revealed altered glycosylation - an increase in
sialic acid content - on IgE from allergic subjects (Shade
et al., 2020). Selective sialic acid removal from IgE lessened
effector-cell degranulation and anaphylaxis in allergic disease

models. These findings make IgE glycosylation a promising
target for therapeutic modulation.

Human IgG Fc glycans also correlate with disease outcomes,
in both infectious and autoimmune diseases (Cobb, 2020). This
appears to be due to the ability of various IgG Fc glycoforms
to drive distinct Fc-dependent mechanisms and immune
outcomes, from activating immunity to supporting tolerance.
Intriguingly, glycoform expression may be specific for the
antigen eliciting the response. Evidently, B-cell glycan biosynthetic
enzymes respond to the antigen and regulate Fc glycosylation
to tune the downstream response (Larsen et al, 2021). For
both IgE and IgG, the technology has been developed to create
designer immunoglobulin glycans, thereby modulating immune
responses for therapeutic benefit.

Glycosylation of cell surface molecules on immune cells
also regulates immune outcomes. Michael Demetriou described
how the patterns of N-glycosylation on cell surface glycoproteins
control the distribution, clustering, and surface residency of
immune regulatory glycoproteins in a predictable manner. The
mechanism involves glycan-binding proteins called galectins
that, when N-glycans are sufficiently abundant and branched,
form a cell surface lattice of immune regulatory molecules on
both T cells and B cells (Mortales et al., 2020). Insufficient
branching of N-glycans can result in autoimmune sensitivity,
for example, in multiple sclerosis and autoimmune diabetes
(Brandt et al., 2021). Remarkably, oral administration of the
sugar N-acetylglucosamine in human subjects increases N-glycan
branching, raising the hope that dietary supplementation may
reduce autoimmunity.

Whereas GlcNAc-induced N-glycan branching regulates
cell surface residency on immune cells, the same single
sugar is dynamically attached to and removed from specific
serine and threonine residues of cytoplasmic, nuclear, and
mitochondrial proteins. This modification (O-GIcNAc)
modulates protein and cell functions in immunity, cancer,
neurodegeneration, and diabetes (among others) and is
regulated by a single transferase (OGT) and glycosidase
(OGA). Christina Woo shared new technologies to fuse
nanobodies to these enzymes to modulate the O-GlcNAc
residency of a particular protein or protein site (Ramirez
et al, 2020; Ge et al., 2021). These methods promise to
allow interrogation of the roles of O-GIcNAc on target
proteins and to decode O-GIcNAc regulation.

Once an immune response is elicited, it must be controlled
to avoid pathology due to the activated immune cells causing
host tissue damage. Glycans play a role in this process as
well. Ronald Schnaar described the 14-member family of human
glycan-binding proteins (GBPs) called Siglecs, most of which
are expressed on the surfaces of overlapping sets of immune
cells and most of which dampen immune responses via
intracellular immunoreceptor tyrosine-based inhibitory motifs
(Duan and Paulson, 2020). When inhibitory Siglecs on activated
immune cells encounter their native glycan ligands on target
tissues, the immune cells apoptose or are otherwise inhibited,
halting the ongoing immune event. Based on these findings,
Siglecs are being targeted therapeutically as immune checkpoint
inhibitors (Youngblood et al., 2020).
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TOOLS AND RESOURCES FOR
GLYCOBIOLOGY

Despite significant advances in the study of glycosylation,
there is much to be learned regarding the biological roles
of these highly diverse molecules. For example, the human
glycome is predicted to be vast: Some estimates suggest well
over 7,500 unique structures, which require more than 700
genes for synthesis (Cummings, 2009). These structures are
further diversified with additional modifications, including
sulfation, methylation, and acetylation, which can directly
impact or alter the function of individual glycans. Progress
in the fields of glycomics and glycobiology has been limited
by technical challenges in glycan sequencing and glycan
synthesis, and insufficient tools to characterize the temporal
and spatial expression of glycan determinants at high resolution.
These barriers are coming down, providing enhanced
opportunities to decode glycosylation function in physiology
and pathology.

Determining the sequences of glycan structures remains a
highly specialized technique that requires multiple orthogonal
approaches, microgram amounts of material isolated from
proteins or lipids, and does not capture the spatial and temporal
nature of the glycan itself. Glycan synthesis also presents
significant challenges. Functional synthetic glycans must retain
the correct linkages between sugars in the correct stereochemical
orientation. Clay Bennett introduced ways in which the
stereochemical outcome of glycosylation can be controlled using
methods that are accessible to novice synthetic chemists and
scalable (Zhuo et al, 2019; Ling and Bennett, 2020).
Democratizing glycan synthesis can advance glycomedicine, as
evidenced by the development of synthetic glycans capable of
targeting drug resistant pathogens and a potentially new class
of antibiotic drugs.

To define the localization of glycans, identify their components,
and explore their functions in biological tissues, the most
commonly utilized tools in the glycobiologist’s toolkit are lectins
and monoclonal antibodies (mAbs). Lectins, which are GBPs
found in animals and plants, are used extensively, although
their broad specificity can limit their utility. For example, three
plant lectins are commonly used to distinguish between two
biologically important structures: a2-3 linked sialic acid (bound
by MAL, Maackia amurensis lectin I and II) and o2-6 linked
sialic acid (bound by SNA, Sambucus nigra agglutinin). However,
MAL-I and MAL-II also bind 3-O-sulfated determinants and
SNA binding can be inhibited by lactose or galactose. Thus,
interpretation of such experiments always requires caveats.
Addressing this challenge, Lori Yang presented -exciting
technology in development to engineer more specific GBPs
called Lectenz®. These proteins are engineered from carbohydrate-
processing enzymes that exhibit high specificity and affinity
for monosaccharides and glycosidic linkages. By eliminating
catalytic activity and enhancing affinity using directed evolution
informed by computational predictions of known molecular
interactions, enhanced GBPs are generated. In theory, this
innovative approach could convert any glycoactive enzyme to
a binding reagent that is far more specific than traditional

lectins, providing valuable reagents to further our understanding
of glycobiology (Angel et al., 2021; Bill et al, 2021).

Monoclonal antibodies are another powerful tool to examine
glycan localization and function. However, the mAbs available
to researchers bind only a small fraction of the predicted glycan
epitopes within the human glycome and fewer than a third
of them are reliably available from commercial sources (according
to a survey of the Database for Anti-Glycan Reagents); the
situation is even worse for mAbs that specifically recognize
microbial glycans. The paucity of such commercial reagents
forces many laboratories to produce their own mAbs, an
expensive solution that perpetuates problems of availability.
Finally, due to the similarity of the human and mouse glycomes,
human glycan structures are often not immunogenic and result
in the production of IgM mAbs with broader specificity. To
address these obstacles, Tanya McKitrick is developing “smart”
anti-glycan reagents (SAGRs) by immunizing the sea lamprey,
Petromyzon marinus, and then producing recombinant lamprey
antibodies with a mouse/rabbit Fc for detection purposes
(McKitrick et al., 2020, 2021). Lampreys have evolved an
alternative adaptive immune system that occurs only in jawless
vertebrates and uses a family of highly diverse, single-chain
antibody-like proteins called variable lymphocyte receptors B
(VLRBs). The potential diversity of SAGRs exceeds that of
antibody production in mice, studies to date have identified
over 25 VLRBs which can discriminate between glycosidic
linkages, functional groups, and monosaccharides. These VLRB
antibody sequences are publicly available in GenBank.

A further exciting area of tool development relates to protein-
glycan interactions. Greg Hudalla discussed how galectins
recognize glycans of the cell surface and extracellular matrix
and thereby modulate biological processes, including those
relevant to inflammation and infection. His group has developed
peptide-based platforms to engineer multivalent scaffolds to
influence galectin interactions at the cellular level (Restuccia
et al,, 2015; Farhadi et al., 2021). Beyond defining key biological
interactions, these approaches have potential application in
areas, including signaling, apoptosis, and drug delivery.

DISCUSSION

The workshop presentations briefly reviewed above highlight
the importance of research in glycobiology for the advancement
of fundamental knowledge and human health. Approaches from
glycome profiling to glycan engineering have deepened our
understanding of glycan mediated host-pathogen interactions
and regulation of host immunity. This understanding in turn
increases our ability to develop feasible approaches for diagnosis,
treatment, and prevention of infectious disease as well as for
control of both protective and dysregulated immune responses.

Further development of tools and resources to help
characterize, localize, and engineer glycans and glycan-binding
proteins will accelerate discovery and application in both
infection and immunity. Studies of infection will benefit from
analysis and synthesis of microbial glycans, examination of
the host activities and glycoconjugates that modulate events
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at the host-pathogen interface, the use of microbe diversity
to uncover new processes and cellular interactions, and the
expansion and availability of glycan arrays that reflect the
diversity of microbes and their host niches. Studies of immunity
will benefit from the ability to analyze, create, and regulate
specifically glycosylated antibodies to control immune outcomes;
therapeutically regulate cell surface glycans to modulate their
responsiveness target intercellular glycosylation to modulate
signaling pathways; and target native immune inhibitory
pathways with glycans. Robust support of these efforts will
continue to yield exciting scientific discoveries and improved
human health.
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HIV envelope glycoprotein is the most heavily glycosylated viral protein complex identified
with over 20 glycans on its surface. This glycan canopy is thought to primarily shield the
virus from host immune recognition as glycans are poor immunogens in general, however
rare HIV neutralizing antibodies nevertheless potently recognize the glycan epitopes. While
CD4 and chemokine receptors have been known as viral entry receptor and coreceptor,
for many years the role of viral glycans in HIV entry was controversial. Recently, we showed
that HIV envelope glycan binds to L-selectin in solution and on CD4 T lymphocytes. The
viral glycan and L-selectin interaction functions to facilitate the viral adhesion and entry.
Upon entry, infected CD4 T lymphocytes are stimulated to progressively shed L-selectin
and suppressing this lectin receptor shedding greatly reduced HIV viral release and caused
aggregation of diminutive virus-like particles within experimental infections and from
infected primary T lymphocytes derived from both viremic and aviremic individuals. As
shedding of L-selectin is mediated by ADAM metalloproteinases downstream of host-cell
stimulation, these findings showed a novel mechanism for HIV viral release and offer a
potential new class of anti-HIV compounds.

Keywords: L-selectin (CD62L), HIV-1 infection, envelope gp120, ADAM metalloproteinases, shedding, viral release,
viral entry

INTRODUCTION

Many phases of the HIV lifecycle, including the viral entry, reverse transcription and
integration, viral gene transcription, translation and replication, and viral release and
maturation, have been intensely studied over the years and targeted by the development
of highly active antiretroviral therapies (HAART/ART; Deeks et al., 2015). The success of
combinatory ART (cART) has ushered in an era searching for a functionally cured state
(Saag et al, 2020). To date, there are four classes of FDA-approved antiviral inhibitors
targeting distinct phases of the viral lifecycle for frontline and prolonged suppression of
infection, with generational advances in efficacy and resistance barrier: entry/fusion inhibitors
(Matthews et al., 2004; Tsibris and Kuritzkes, 2007; Emu et al., 2018), nucleoside/non-nucleoside
reverse transcriptase inhibitors (NRTI/NNRTI; Holec et al,, 2017), integrase inhibitors
(INTI; Lusic and Siliciano, 2017), and protease inhibitors (Flexner, 1998; Paton et al,
2015). Notably, while there is a growing development of inhibitors that target viral
transcription (Pinto et al., 2019; Yeh et al., 2020), there are no FDA-approved therapeutics
targeting viral release. Recent advances towards prolonging suppression of viremia have
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revealed late-stage capsid assembly perturbation by a small
molecule inhibitor suggesting success is possible with targeting
late mechanisms crucial to viral budding (Link et al., 2020).

Investigations into the mechanisms acting on HIV release
have revealed a complexing matrix of viral strategies that
counter host-cell restriction factors to facilitate the successful
trafficking of viral components that assemble and release at
the plasma membrane (Ramdas et al., 2020; Rose et al., 2020).
For most part, HIV release from either productive infected
cells or the latent reservoir is thought to be spontaneous, but
can be modulated by various host-cell restrictions, including
CD317/BST-2/tetherin (Neil et al., 2008), TIM family membrane
proteins (Li et al., 2014), serine incorporator membrane-spanning
proteins (SERINC; Usami et al., 2015). While these restriction
factors exhibited clear antiviral effect in HIV susceptible cell
lines, some of them, including BST-2/tetherin and TIM members
are not well expressed in primary CD4 T cells and it is difficult
to develop compounds enhancing the expression of these
restriction factors. In addition, the viral encoded nef and vpu
have been shown to antagonize host restriction factors by
actively promoting their degradations (Neil et al., 2008; Jolly
etal., 2010). More recently, L-selectin/CD62L has been identified
as an HIV adhesion receptor (Kononchik et al, 2018). Like
BST-2/tetherin, L-selectin expressions are regulated by interferon-
dependent processes during host-cell inflammation for several
pathogens and disease states (Wang et al., 2010; Yang et al,
2011; Arias and Evans, 2014). Interestingly, L-selectin shedding
appears required for HIV release from infected cells (Kononchik
et al., 2018). Unlike tetherin and TIM members, however,
L-selectin is abundantly expressed on primary CD4 T cells,
and inhibition of L-selectin shedding presents a more efficacious
target for suppressing the viral infection. These recent findings
also showed that HIV release is not spontaneous and revealed
a potential strategy to suppress HIV release from latently
infected cellular reservoirs.

HIV envelope gp120 binds many lectins, DC-SIGN, Siglecs,
and carbohydrate-binding Cyanovirin-N (CVN; Curtis et al,
1992; Mori et al., 1998; Esser et al.,, 1999; Snyder et al., 2005;
Zou et al, 2011). Binding to DC-SIGN captures HIV by
dendritic cells while binding to Siglec-1 facilitates HIV infection
of macrophage (Snyder et al.,, 2005; Zou et al., 2011). Selectin
family consists of L-selectin (CD62L), E-selectin and P-selectin
and they are named according to their main cell origin with
L-selectin present on leukocytes, E-selectin on activated
endothelial cells, and P-selectin on activated platelets and
endothelial cells (Tedder et al., 1995a). L-selectin (CD62L)
functions to provide leukocyte rolling adhesion on endothelial
cells (Gallatin et al., 1983; Berg et al.,, 1993), thus, regulates
the migration of leukocytes to peripheral lymph nodes and
sites of inflammation (Tedder et al., 1995b). It is one of the
earliest surface markers on lymphoid-primed hematopoietic
stem cell and is constitutively expressed on most circulating
leucocytes (Alon et al, 1997; Ivetic et al., 2019). L-selectin
consists of a C-type lectin domain, EGF-like domain, sushi
domain, transmembrane domain and cytoplasmic tail (Spencer
et al,, 2017). The C-type lectin domain interacts with numerous
glycans which is involved in rolling adhesion between leucocytes

and endothelial cells (Fuhlbrigge et al.,, 1996). The cleavage of
L-selectin can be induced by cell activation agonists such as
PMA or infection (Kahn et al., 1994; Kononchik et al., 2018).

For HIV infection, the regulation of L-selectin shedding is
especially meaningful. The paradoxical function of L-selectin
in HIV biology, the one promotes viral adhesion to facilitate
host cell entry vs. and the one hinders viral release through
virion tethering, revealed complex roles of L-selectin in HIV
lifecycle. Both are based on the same biochemical interaction,
the binding of glycosylated envelope protein to cell surface
L-selectin on CD4 T cells. As a consequence, a beneficial
interaction to facilitate the adhesion step in viral entry of a
multi-round infection becomes detrimental to successive viral
dissemination that HIV induces the shedding of L-selectin to
permit viral dissemination.

Cellular Ligands of L-Selectin

L-selectin was found essential for homing of naive lymphocytes
to secondary lymphoid organs in carbohydrate dependent
manner (Gesner and Ginsburg, 1964; Butcher and Picker, 1996).
The ligand of L-selectin on high endothelial venules (HEV)
are often O-linked Sialyl-Lewis X type sulfated glycans that
can be blocked by MECA-79, an antibody specific for 6-sulfo
sialyl-Lewis X in a sulfation and sialic acid dependent manner
(Foxall et al., 1992; Mitsuoka et al., 1998). The O-linked sulfated
sialyl-Lewis x was found on peripheral lymph node, CD34,
glycosylation-dependent cell adhesion molecule (GlyCAM-1)
and mucosal vascular addressin cell adhesion molecule-1
(MAdCAM-1) on HEV and all were identified as L-selectin
ligands (Streeter et al, 1988; Baumbheter et al, 1993; Berg
et al, 1993; Puri et al, 1995). Further, sulfated glycans can
be induced on HEV-like blood vessels at the site of inflammation
caused by ulcerative colitis, rheumatoid arthritis or Helicobacter
pylor infection (Kobayashi et al.,, 2004). Ligands of L-selectin
also include abluminal and extravascular glycoproteins, such
as heparin sulfate proteoglycan (Rosen, 2004). In general, the
binding of L-selectin to its ligands mediates low affinity rolling
adhesion of lymphocytes along HEV prior to high affinity
attachment mediated by the interaction between LFA-1 on
lymphocytes and ICAMs on HEV (Xu et al., 2003). L-selectin
binding initiates the activation of integrins (Lawrence and
Springer, 1991), activates chemokine receptors to promote
trans-endothelial migration (Ding et al., 2003). However, mice
lacking O-linked oligosaccharide still had considerable
lymphocyte-homing activity and the remaining L-selectin
attachment was abolished after enzymatic removal of N-glycans
attached to HEV and CD34 (Mitoma et al., 2007). Therefore,
both O- and N-glycans are ligands of L-selectin.

HIV Infections Regulate L-Selectin
Expression

As L-selectin plays important roles in lymphocyte and leukocyte
adhesion, activation and homing, as well as serves as a marker
for central memory T cells, its expression is therefore often
used as an indicator for HIV infection caused immune activation
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and dysregulation. Early clinical observations from HIV infected
individuals showed lower L-selectin expression on T cells and
neutrophils compared to healthy controls or individuals on
ART therapy, suggesting the viral infection caused protracted
immune activation and dysregulated lymphocyte homing (Moore
et al., 1998; Gainet et al., 1999; Meddows-Taylor et al., 2001;
Schneider-Hohendorf et al., 2014). This is further supported
by the observation that antiviral therapy restored L-selectin
expression in HIV infected, ART-naive individuals (Vassena
et al., 2016). The soluble L-selectin levels detected in circulation
were found to be higher in infected than healthy individuals
(Kourtis et al., 2000, 2003; Meddows-Taylor et al., 2001; Schramm
et al, 2007; Yang et al, 2014), reminisce to elevated soluble
selectin found in autoimmune diseases, including rheumatoid
arthritis, systemic sclerosis, and systemic lupus erythematosus
(Sfikakis et al.,, 1999; Shimada et al., 2001; Ates et al., 2004).
These early studies established the dynamics of HIV infection
in overall T lymphocyte and neutrophil activations and the
infection resulted dysregulation in immune functions. Many
of these studies, however, did not address any specific mechanism
involving L-selectin in HIV biology.

In human T cells, the expression of L-selectin appears to
be controlled by members of Forkhead box transcription
factors, such as FOXO1 (Fabre et al., 2008). Suppression of
FOXO1 has been implicated in HIV infection-mediated
downregulation of L-selectin expression in infected CD4 T
cells (Trinite et al., 2014). Early mechanistic work showed
that mere binding of viral envelope gp120 protein to CD4
and CXCR4 was sufficient to induce down regulation in
L-selectin expression (Marschner et al., 1999; Wang et al.,
2004). The envelope binding, however, was found insufficient
by Trinite et al. (2014) and L-selectin down regulation required
HIV infection and was mediated by the suppression of
transcription factor Foxol and KLF2. Vassena et al. (2015)
showed that HIV nef and vpu contributed to the viral induced
L-selectin down regulation that was attributed to the retention
of the receptor in perinuclear compartments as a result of
nef association. Interestingly, HIV encoded vpr appears to
induce L-selectin transcription and counter the nef and
vpu-mediated receptor downregulation (Giuliani et al., 2018).
These publications established specific viral-induced cellular
signaling changes in infected cells, thus providing a molecular
mechanism for HIV infection regulated host immune functions,
including T cell homing to site of inflammation and viral
evasion to immune response. Previously, L-selectin shedding
during HIV infections was also reported with the assumption
that the shedding of L-selectin helps HIV to evade immune
detection (Wang et al., 2004; Vassena et al., 2016). In addition,
the work of Kononchik et al. (2018) also supports an HIV
infection-induced shedding of L-selectin as another mechanism
to down regulate the selectin expression on infected cells.
Thus, HIV infection induces both L-selectin shedding and
intracellular retention. While both shedding and retention
are likely connected to cellular signaling apparatus, it is not
clear to what extend they overlap, for example, are linked
by common cellular signaling pathways, such as PI3K signaling
pathway (Trinite et al., 2014).

Binding of gp120 to L-Selectin Enhanced
HIV Viral Entry

Compared to its cellular ligands, little is known about L-selectin
recognition of viral ligands. HIV-1 envelope is heavily
glycosylated with over 20N-linked glycans on each envelope
monomer. In general, L-selectin prefers O-linked glycans with
few exceptions in which N-glycans are linked to 6-sulfo sialy
Lewis X (Clark et al., 1998; Mitoma et al., 2007). However,
the densely populated gp120 glycans may enhance the avidity
of L-selectin binding as soluble glycosylated but not
deglycosylated gp120 readily bound to L-selectin with 50-300 nM
affinities (Kononchik et al., 2018). L-selectin binding to gp120
exhibited typical C-type lectin receptor characteristics and
can be inhibited with EDTA and various competing
carbohydrates, including heparin, fucoidan and sialyl-Lewis
X. In addition, cell surface expressed L-selectin can bind
gp120 and capture HIV virions.

The binding of viral envelope glycan to L-selectin provided
viral adhesion to target cells. Overexpression of L-selectin in
CEM T cells enhanced HIV infection while knockdown of
the gene decreased the infection. Consistently, HIV viruses
produced in GnTI™ 293T cells that are deficient in mature
complex N-glycans infected CD8-depleted peripheral blood
mononuclear cells (PBMC) less than their glycan sufficient
counterparts. These results support the notion that binding of
gp120 to L-selectin enhanced HIV infection in a glycan dependent
way. Mechanistically, the binding of HIV envelope glycan to
L-selectin may provide the rolling adhesion for the virion on
CD4+ T lymphocytes, thus facilitate the binding of HIV to
CD4 and other coreceptors (Figure 1). It is also possible that
L-selectin binding initiates a conformational change to facilitate
the envelope binding to CD4 (Wang et al., 2020).

L-Selectin Shedding Facilitates HIV Viral
Release

L-selectin can be cleaved at its membrane proximal region
from cell surface by a disintegrin and metalloproteinase domain-
containing proteins, ADAMI10 and ADAM17, in response to
inflammation or apoptotic signals (Wang et al., 2010). Shedding
of L-selectin is part of normal host immune response and
regulates migration of neutrophils and T cells in and out of
the sites of inflammation (Kishimoto et al., 1989; Galkina et al.,
2003). Excessive shedding of L-selectin is observed to correlate
with the severity of lupus erythematosus (SLE) and type
I diabetes (Font et al., 2000; Kretowski et al., 2000).

Early patient studies showed increased soluble L-selectin
levels detected in HIV infected serum samples compared to
healthy controls (Kourtis et al., 2000, 2003; Meddows-Taylor
et al., 2001; Schramm et al, 2007; Yang et al., 2014). This
HIV infection associated increase in soluble L-selectin, however,
was mechanistically associated with dysregulated cytokine
production and immune exhaustion rather than direct viral
induced shedding. In experimental HIV infections, the loss
of the CD4'/CD62L" and the gain of the CD4/CD62L"
lymphocytes are apparent (Kononchik et al., 2018). The
progressive loss of L-selectin expression in infected CD4* T
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FIGURE 1 | HIV envelope binding to L-selectin facilitates HIV adhesion and infection to CD4 T cells (left). The same envelope and L-selectin interaction hinders the

cells correlated with the viral infection suggesting that the
shedding of L-selectin is viral infection-induced. HIV infection
induced down regulation of entry receptors (Garcia and Miller,
1991; Alkhatib, 2009). The downregulation of CD4 expression
through envelope gp120-mediated internalization on infected
cells was thought to prevent superinfection, more than one
virus entering the same host cell, a strategy to maximize
viral transmission, while the down regulation of L-selectin
may be part of viral evasion to immune response. Since
L-selectin facilitates HIV adhesion and infection of CD4 T
cells, inhibition of its shedding was predicted to enhance the
viral infection, presumably increasing the mode of
superinfection (Garcia and Miller, 1991; Michel et al., 2005).
When metalloproteinase activity was inhibited, infected
lymphocytes retained L-selectin expressions. HIV infection,
however, was suppressed in the presence of metalloproteinase
inhibitors.  Further  experiments showed that the
metalloproteinase inhibitors did not affect the viral entry but
hampered the viral release, resulting in tethering of budding
virions on cell surface. These cell surface tethered infectious
virions can be recovered by trypsinization (Kononchik et al.,
2018). Strikingly, many tethered virion-like particles exhibit
diminutive morphology in electron microscopy images in the
presence of L-selectin shedding inhibitors. These data support
the notion that HIV viral release from infected CD4 T cells
requires shedding of L-selectin (Figure 2). Consistently,
inhibition of L-selectin shedding also suppressed HIV release
from viral reservoir CD4 T cells derived from infected
individuals (Kononchik et al, 2018). While new to HIV
infection, the concept of shedding of viral attachment receptor
to facilitate viral release is known to influenza infections,

in which the viral attachment receptor, sialic acid, is cleaved
by viral neuraminidase to facilitate the viral release. Notably,
most FDA approved drugs for influenza infections are
neuraminidase inhibitors, suggesting viral release is a good
target for developing antiviral compounds.

Viral Regulation of L-Selectin Shedding

The cellular signaling pathways controlling L-selectin expression
and shedding has not been fully characterized. The shedding
of L-selectin has been linked to inflammation and apoptotic
activations (Wang et al., 2010). It involves caspase activation
of ADAM10,17 metalloproteinases through phosphatidylserine
exposure (Sommer et al., 2016). The mechanism of HIV induced
L-selectin shedding is less clear. Earlier work showed that
ligation of CD4 and chemokine receptor CXCR4 by HIV
envelope gp120 induced L-selectin shedding (Marschner et al.,
1999; Wang et al, 2004). Nef and vpu are likely the viral
genes to regulate L-selectin shedding as they have been implicated
in previous studies investigating viral induced inflammatory
dysregulation of cell surface markers. Nef is an accessory protein
required for viral transmission in primary cells and for disease
progression in humans and animal models (Sodroski et al,
1986; Strebel et al., 1987; Kestler et al., 1991; Gulizia et al,
1997; Rhodes et al., 2000; Chakrabarti et al., 2003). Further,
nef has been shown to activate host cellular signaling pathways,
such as PKC complex, resulting in downregulation of CD4
expressions (Smith et al., 1996; Rasola et al., 2001; Wolf et al,,
2008; Dikeakos et al., 2012; Pereira and daSilva, 2016; Jacob
et al,, 2017). Nef has also been linked to cellular apoptosis
(Jacob et al., 2017), and the activation of ADAMI10 and 17
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FIGURE 2 | L-selectin shedding is inhibited by metalloproteinase inhibitor BB-94, resulting in tethered and defective virions on infected cells.

through paxillin (Lee et al., 2013). Vpu is linked to HIV release
through antagonizing tetherin (Neil et al., 2008). It is likely
that these known viral-host interactions somehow form a
coordinated signaling pathway leading to the activation of
L-selectin shedding and viral release.

Interestingly, both P-selectin glycoprotein ligand 1 (PSGL-1)
and CD43, have been recently reported to be incorporated
into HIV virion and inhibit the virion attachment to CD4
T cells (Liu et al., 2019; Murakami et al., 2020). Both PSGL-1
and CD43 were found associated with virions and are thought
to interfere viral envelope binding to CD4 and chemokine
receptors due to a non-specific size preclusion (Fu et al.,
2020; Murakami et al., 2020). PSGL-1 exists in a glycosylated
mucin-like homodimer of 240kD protein, approximately half
the size of an HIV envelope trimer. CD43, also known as
sialophorin, is also heavily glycosylated with an apparent
molecular weight of ~140kD. Both PSGL-1 and CD43 appear
to be smaller than HIV envelope gp160. However, both are
heavily glycosylated. In fact, PSGL-1 is a known ligand of
L-, E- and P-selectin. This brings a possibility, in addition
to the proposed interference by the size of PSGL-1, that the
binding between virion-expressed PSGL-1 and host L-selectin
prevents the dissemination of virus. It is conceivable that
the virion-expressed PSGL-1 competitively inhibits HIV
envelope binding to L-selectin on CD4 T cells, resulting in
none-productive viral adhesion but not entry. If so, gpl120
binding to L-selectin not only functions to promote viral
adhesion, it is also a prerequisite for the viral envelope binding
to CD4 and chemokine receptor. It is worth noting that both
L-selectin and PSGL-1 are markers of inflammation, and both

expressions are downregulated during acute infections
(Kononchik et al., 2018; Fu et al., 2020). It is conceivable
that the viral infection-induced downregulation of both
L-selectin and PSGL-1 expressions on infected cells facilitates
viral dissemination. While L-selectin downregulation is through
shedding, the downregulation of PSGL-1 involved Vpu-induced
ubiquitination and degradation pathway that may be targeted
for antiviral development (Liu et al, 2019; Fu et al., 2020).
Taken together, the growing role of selectins in viral pathogenesis
and host cell defense requires further investigation into the
transcriptomic state of infected cells that regulate upstream
pathways leading to the currently identified viral
restriction mechanisms.

Conclusion and Future Perspective

L-selectin not only regulates the migration of leucocytes but
also functions as a receptor for HIV adhesion to CD4 T
lymphocytes and facilitates the viral entry. Upon viral entry,
infected T cells loose L-selectin expression through both receptor
internalization and shedding by ADAM metalloproteinases and
the inhibition of L-selectin shedding resulted in budding virions
aggregation, impaired the viral release in experimental infections
and reduced viral RNA released from ART-suppressed viral
reservoirs (Kononchik et al., 2018). It is likely that both L-selectin
internalization and shedding occur at different stages of HIV
infections. For example, attachment of HIV virus may induce
internalization of viral envelope bound L-selectin to endosomal
compartments during viral entry. Such internalization serves
to initiate cellular signaling through interaction with nef and
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other viral proteins, leading to the activation of kinases and
transcription machinery for viral replication. The infection
induced cellular activation is not only required for viral
replication, but also needed for the shedding of remaining
L-selectin on infected T cells to facilitate the viral release.
These recent findings suggest that the regulation of L-selectin
is a promising target for developing anti-HIV therapies. While
the expression and shedding of L-selectin play important roles
in HIV biology, many questions remain to be addressed. The
structural recognition of L-selectin to HIV gpl120 glycans
remains unresolved. As the intrinsic carbohydrate binding
affinity of L-selectin is low (Klopocki et al., 2008), it is likely
that L-selectin and gp120 binding is enhanced by the avidity
of multiple glycans distributed on the envelope protein. Secondly,
L-selectin is also expressed on macrophages, a known viral
reservoir. Like T cells, macrophages also regulate L-selectin
shedding by host cell metalloproteinases (Tedder et al., 1995a;
Link et al., 2017; Wong et al., 2019). It remains to be seen
if HIV release from infected macrophages also requires shedding
of L-selectin. Third, L-selectin, as a member of C-type lectin
receptor, presumably recognize viral glycans independent of
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While adaptive immunity enables the recognition of a wide range of microbial antigens,
immunological tolerance limits reactively toward self to reduce autoimmunity. Some
bacteria decorate themselves with self-like antigens as a form of molecular mimicry to
limit recognition by adaptive immunity. Recent studies suggest that galectin-4 (Gal-4) and
galectin-8 (Gal-8) may provide a unique form of innate immunity against molecular mimicry
by specifically targeting microbes that decorate themselves in self-like antigens. However,
the binding specificity and antimicrobial activity of many human galectins remain
incompletely explored. In this study, we defined the binding specificity of galectin-3 (Gal-3),
the first galectin shown to engage microbial glycans. Gal-3 exhibited high binding toward
mammalian blood group A, B, and aGal antigens in a glycan microarray format. In the
absence of the N-terminal domain, the C-terminal domain of Gal-3 (Gal-3C) alone exhibited
a similar overall binding pattern, but failed to display the same level of binding for glycans
over a range of concentrations. Similar to the recognition of mammalian glycans, Gal-3
and Gal-3C also specifically engaged distinct microbial glycans isolated and printed in a
microarray format, with Gal-3 exhibiting higher binding at lower concentrations toward
microbial glycans than Gal-3C. Importantly, Gal-3 and Gal-3C interactions on the microbial
microarray accurately predicted actual interactions toward intact microbes, with Gal-3
and Gal-3C displaying carbohydrate-dependent binding toward distinct strains of
Providentia alcalifaciens and Klebsiella pneumoniae that express mammalian-like antigens,
while failing to recognize similar strains that express unrelated antigens. While both Gal-3
and Gal-3C recognized specific strains of P, alcalifaciens and K. pneumoniae, only Gal-3
was able to exhibit antimicrobial activity even when evaluated at higher concentrations.
These results demonstrate that while Gal-3 and Gal-3C specifically engage distinct
mammalian and microbial glycans, Gal-3C alone does not possess antimicrobial activity.
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Frontiers in Microbiology | www.frontiersin.org 131

October 2021 | Volume 12 | Article 731026


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.731026﻿&domain=pdf&date_stamp=2021-10-08
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2021.731026
https://creativecommons.org/licenses/by/4.0/
mailto:cmarthur@bwh.harvard.edu
mailto:srstowell@bwh.harvard.edu
https://doi.org/10.3389/fmicb.2021.731026
https://www.frontiersin.org/articles/10.3389/fmicb.2021.731026/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.731026/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.731026/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.731026/full

Wu et al.
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INTRODUCTION

Galectins are an ancient and evolutionarily conserved protein
family that have a diverse range of functions relevant to a
wide variety of diseases (Liu and Rabinovich, 2005, 2010; Vasta,
2009). Among carbohydrate binding proteins, galectins are the
most widely expressed in all organisms and primarily engage
counter ligands through recognition of p-galactose-containing
glycoconjugates (Barondes et al., 1994). Galectins have been
classified into three major groups based on their quaternary
structural features, prototypical, tandem repeat, and chimeric
(Liu and Rabinovich, 2010; Arthur et al., 2015a). Among these,
Gal-3 is the only chimeric galectin, possessing a single
carbohydrate recognition domain (CRD) and a self-aggregating
N-terminal domain rich in proline, glycine, and tyrosine residues
which can mediate oligomerization in presence of multivalent
ligands (Hsu et al., 1992; Ahmad et al., 2004a; Morris et al., 2004).

In addition to modulating host cell function through
engagement of cell surface carbohydrates, galectins can also
interact directly with bacterial surface glycans (Vasta, 2009).
Gal-3 in particular was the first shown to engage bacterial
glycans where early studies demonstrated binding to
lipopolysaccharides (LPS) isolated from Pseudomonas aeruginosa,
Klebsiella  pneumoniae, Neisseria  gonorrhoeae, Neisseria
meningitidis, and Helicobacter pylori (Mey et al., 1996; Gupta
et al., 1997; John et al., 2002; Fowler et al., 2006; Quattroni
et al., 2012; Vasta, 2012). Although interactions between Gal-3
and the LPS of N. meningitidis in particular appear to involve
carbohydrate recognition through its C-terminal CRD domain
(Vinogradov and Perry, 2001), the fine specificity of Gal-3 for
microbial glycans, many of which can be quite diverse and
distinct in structure, remains incompletely understood.

The ability of galectins to engage bacterial glycans may
represent an important element of host immunity. While adaptive
immunity can target a nearly infinite range of antigens, the
breadth of this ability is tempered by tolerance mechanisms
that limit reactivity toward self. Although this may reduce the
probability of autoimmunity, this creates a gap in adaptive
immunity toward microbes that decorate themselves in self-like
antigens as a form of molecular mimicry (Arthur et al., 2015c).
Previous studies demonstrated that Gal-4 and Gal-8 in particular
can kill strains of Escherichia coli through recognition of bacterial
surface glycans that mimic blood group antigens (Stowell et al.,
2010). However, despite early studies demonstrating that Gal-3
can bind LPS (Mey et al., 1996; Gupta et al., 1997; John et al.,
2002; Fowler et al., 2006; Quattroni et al., 2012), the overall
antimicrobial activity of Gal-3, including key features of the
quaternary structure of Gal-3 responsible for this antimicrobial
activity, remains relatively unexplored.

As carbohydrate recognition have been previously shown
to reside within the C-terminal domain of Gal-3 (Seetharaman
et al., 1998), in this study, we examined the binding specificity
of Gal-3 and Gal-3C over a range of concentrations using a
series of glycan microarrays populated with mammalian or
microbial glycans. While Gal-3 and Gal-3C possess similar
overall binding specificity, full-length Gal-3 was required for
higher affinity binding toward glycans on each array, suggesting

that oligomerization status through the N-terminal domain
likely plays a key role in higher affinity glycan recognition.
Importantly, the relative affinity of Gal-3 toward glycans on
the microbial glycan microarray (MGM) accurately predicted
actual antimicrobial activity. However, while Gal-3 and Gal-3C
both engaged microbial glycans and intact microbes, only Gal-3
possessed microbicidal activity.

MATERIALS AND METHODS

Protein Expression and Purification of
Human Gal-3 by Escherichia coli

Expression plasmids encoding human Gal-3 and Gal-3C were
transformed into E.coli BL21 (DE3), and Gal-3 and Gal-3C
were then expressed as outlined previously (Stowell et al.,
2010; Wu et al,, 2021b). Briefly, transformed bacteria were
cultured in LB broth containing 100pg/ml ampicillin with
agitation (250rpm) at 37°C. When bacteria were grown to
the mid-log phase, protein expression was induced by addition
of isopropyl 1-thio-p-D-galactopyranoside (IPTG, 1.5mM).
After 20-h induction in 16°C, 6L cultured bacteria were
pelleted and harvested by centrifugation and then resuspended
in 60ml bacterial lysis buffer (PBS with 14mM
2-mercaptoethanol (2-ME), 60 pl ribonuclease A (RNase A),
60 pl DNase I, 60 pl lysozyme, and 2 protease inhibitor cocktail
tablets). The suspension was passed through a cell disruptor,
and the lysate was centrifuged at 17,000 rpm at 4°C for 1h.
Supernatant was applied to lactosyl-sepharose affinity
chromatography column. For elution, the elution buffer (PBS
with 14mM 2-ME and 100mM lactose) was added. The
desired fractions were pooled and stained with Coomassie
blue on SDS-PAGE gel to test purity (Supplementary Figure 1).
Before derivatization, 2-ME and lactose were removed from
Gal-3 using a PD-10 gel filtration column for bacteria
killing assay.

Effect of Recombinant Gal-3 on Bacteria
Viability

When assaying potential antimicrobial effects of Gal-3 and
Gal-3C, each strain was assessed in the mid-logarithmic growth
phase (ODgy of ~0.1) and grown in LB media as outlined
previously (Arthur et al., 2015b). Bacterial cells were incubated
with the concentrations of each galectin indicated in the
figure legends (0.04-10pM) at 37°C for 2h with shaking at
250rpm. Bacteria were then pipetted and plated on LB agar
plate to determine the number of viable bacteria by
CFU enumeration.

Bacterial Strains

Providentia alcalifaciens O5 and P. alcalifaciens O21 were kindly
provided by Y. Knirel (ND Zelinsky Institute of Organic
Chemistry, Moscow, Russia). K. pneumoniae Ol and K
pneumoniae O4 were kindly provided by C. Whitfield (University
of Guelph). Each bacteria strain was grown and maintained
at 37°C using LB culture medium (Fisher).
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Mammalian Glycan Array Analysis

Galectins were labeled with Alexa Fluor™ 488 NHS Ester
(succinimidyl ester) by incubating 2mg/ml galectin with 1mg
Alexa Fluor™ 488 for 1h at room temperature and avoid from
light as outlined previously (Stowell et al., 2004). Unconjugated
Alexa Fluor™ 488 and free lactose were separated using a PD-10
gel filtration column (GE Healthcare). Labeled galectin was purified
again by lactosyl-sepharose column to remove any inactive protein
generated during the labeling process. Bound galectin was eluted
with 100mM lactose in PBS plus 2-ME. While 2-ME is not
required for Gal-3 activity, this approach was used to provide a
consistent protocol for all galectin purification. Importantly, 2-ME
and lactose were then removed using PD-10 gel filtration column.
Finally, labeled galectin was applied to CFG glycan microarray
(CFG) and MGM prepared as described previously (Blixt et al,
2004; Stowell et al., 2008a, 2014; Song et al, 2009; Wu et al,
2021a). For galectin recognition of glycans on the printed glycan
microarray, the slides were blocked with blocking buffer (500mg
of BSA in 50ml PBST) for 1h at room temperature. Slides were
then incubated with directly labeled Gal-3 or Gal-3C at the
indicated concentrations using binding buffer (500mg of BSA in
50ml PBST with 14mM 2-ME) for 1h at room temperature in
a dark humid chamber. As noted previously, while 2-ME is not
required for Gal-3 stability, as it is required to maintain the activity
of other galectins, we have employed this binding buffer for all
galectin assays to provide a uniform approach when assessing
galectin binding specificity using glycan microarrays. Slides were
then washed by successive immersion in PBST containing 0.5%
Tween 20 (four times), PBS (four times), and H,O (four times).
The slide was dried by microcentrifugation, and an image of
bound fluorescence was obtained using a microarray scanner
(GenePix 4000 B, Molecular devices). Integrated spot intensities
were obtained using Imagene software (GenePix Pro 7). The heat
map was created by GraphPad Prism 8 (Prism 8) as outlined
previously (Verkerke et al.,, 2021), which was also used to ascertain
dissociation constants (Kp). For non-saturated positive glycan
interactions, the relative fluorescence units were plotted as a percent
of the maximal binding at the highest concentration examined.

Flow Cytometry Analysis

To examine potential binding by each galectin, bacteria were
resuspended and washed twice in PBS at 4°C and then incubated
with 0.1uM Alexa Fluor™ 488 labeled Gal-3 or Gal-3C at
4°C for 20min. In some experiments, Gal-3 or Gal-3C were
co-incubated with 20mM thiodigalactoside (TDG) for 10min
before incubation with the bacteria as a control. After incubation,
cells were washed twice and resuspended them in 400ul PBS
for flow cytometry analysis using FACSCanto II flow cytometer
(BD Biosciences). The data were processed with FlowJo version 10.

RESULTS

Gal-3 and Gal-3C Display Similar
Preferences for Blood Group Antigens

To better understand the binding specificity and affinity of
Gal-3, including the influence of the N-terminal domain,

for glycan ligands, we first examined its binding specificity
using the Consortium for Functional Glycomics (CFG) glycan
microarray. To accomplish this, we expressed the Gal-3 and
Gal-3C (Supplementary Figure 1), followed by the evaluation
of both proteins in parallel on the CFG array. As the overall
apparent specificity of carbohydrate binding proteins can
be influenced by the protein concentration used for array
analysis and as the N-terminal domain may enhance overall
binding affinity through cross linking of bound glycans,
we examined glycan recognition over a range of concentrations
as opposed to a single concentration primarily employed in
our previous studies using glycan microarray analysis (Stowell
et al., 2010). Using this approach, we found that virtually
no binding could be detected for either Gal-3 or Gal-3C
at or below concentrations of 0.12pM (data not shown).
However, at 0.36 pM, recognition of blood group B was
observed by Gal-3, but not by Gal-3C (Figures 1A,B).
Nevertheless, at 1.1 pM, binding toward the same blood group
B antigen was observed for Gal-3C (Figure 1B). Binding
toward additional glycan ligands, primarily polymorphic blood
group antigens, became readily apparent following incubation
of Gal-3 at higher concentration. However, in contrast to
Gal-3, incubation with 3.3 pM Gal-3C was required to achieve
a similar level of absolute binding toward the same initial
blood group B antigen bound by Gal-3 at 0.36 pM (Figure 1B).
Similar to Gal-3, at higher concentrations, additional glycan
recognition, including a strong preference for blood group
antigens, could be detected for Gal-3C, which generally
mirrored glycan recognition by Gal-3 at lower concentrations
(Figures 1A,B).

Although overall binding specificity of Gal-3 and Gal-3C
appeared to display high level of similarity when adjusted
for concentration, the apparent affinity of each protein for
individual glycan ligands differed. In order to define the
relatively affinity of Gal-3 and Gal-3C for glycan ligands on
the CFG microarray in more detail, we next examined binding
isotherms generated following incubation of each galectin
over a range of concentrations. Given the high affinity
interactions observed toward blood group antigens,
we specifically evaluated Gal-3 and Gal-3C binding toward
distinct blood group antigen types as presented on the CFG
array. While very little binding could be observed toward
lactose (GalPl-4Glc) or type 1 or type 2 LacNAc (Galpl-
3GlcNAc or Galp1-4GIcNAg, respectively; Figure 2A), similar
high affinity interactions were observed for blood group A
and blood group B, although Gal-3 and Gal-3C each displayed
a slightly higher affinity for type 2 blood group A and blood
group B antigens than type 1 antigens (Figures 2B,C). In
contrast, Gal-3 and Gal-3C appeared to possess a lower affinity
for the H antigens regardless of type 1 or type 2 configuration
when compared to blood group A or B (Figure 2D). However,
the fucose modification present in B antigens likely positively
influences Gal-3 and Gal-3C blood group recognition, as
neither Gal-3 nor Gal-3C displayed similar binding affinity
toward aGal containing type 1 or type 2 structures despite
the fact that these glycans terminate in the blood group B
disaccharide (Figure 2E). These results suggest that Gal-3
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FIGURE 1 | Gal-3 and Gal-3C preferentially recognize blood group antigens at distinct concentrations. Consortium for functional glycomics (CFG) glycan
microarray data obtained after incubation with the indicated concentrations of Gal-3 (A) and Gal-3C (B). RFU, relative fluorescence units. Error bars represent
means + standard deviation (SD).

has high affinity for blood group antigens and that both In order to compare the relative binding affinities of Gal-3
terminal glycan modifications (a1-2Fuc and al-3GalNAc or and Gal-3C toward blood group antigens and other glycan
Gal) present in blood group A and blood group B are likely  structures present on the array, we calculated the relative Kj
required to support higher affinity interactions by Gal-3. generated from binding isotherm data for each galectin toward
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FIGURE 2 | Gal-3 displays high affinity for blood group antigens on a CFG glycan microarray. (A-E) Binding isotherms generated following incubation of Gal-3 (blue) and
Gal- 3C (red) on the CFG glycan microarray are shown for lactose and N-acetyllactosamine (LacNAc) (A), blood group A containing glycan structures (B), blood group B
containing glycan structures (C), H antigen (blood group O) containing glycan structures (D) and -Gal containing glycan structures (E). Detailed Symbol Nomenclature for
Glycans (SNFG) structures are shown. Error bars represent means + standard deviation (SD). GalNAc: N-Acetylgalactosamine; GIcNAc: N-Acetylglucosamine.

various blood group antigens, polylactosamine (polyLacNAc),
and other common structural modifications previously shown
to influence galectin recognition (e.g., «2-6 sialylation). As

there are many distinct glycan determinants in this array format,
we highlighted Kj, values for general classes of glycans; the
detailed structural information for each glycan shown is available
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in supplemental data (Supplementary Table 1). As the binding
profile against some glycans did not saturate over the
concentrations employed in this analysis (Figure 1), we compared
the relatively weak, but detectable binding observed toward
glycans where saturation did not occur as a percentage of the
maximal binding on the array at the highest concentration
examined (30 pM). This was done to capture binding that
did occur, but that failed to saturate over the concentrations
tested. Using this approach, relative differences in weaker binding
profiles could be highlighted while clearly separating these
binding profiles from higher binding interactions where saturation
did occur, and therefore, relative K values could be ascertained
(Figure 3A). Using this approach, blood group antigens are
clearly some of the highest affinity ligands for Gal-3, although
polyLacNAc structures, such as (LacNAc), and (LacNAc), were
also bound with high affinity as well (Figure 3B). In contrast,
appreciably K, values for Gal-3C were only apparent for blood
group antigens over the concentrations examined, while binding
toward polyLacNAc glycans was certainly detected at the higher
concentrations (Figure 3C).

Gal-3 and Gal-3C Bind to Microbial
Glycans Decorated With Mammalian-Like
Structures
Given the proclivity of Gal-3 and Gal-3C for blood group
antigens on the CFG arrays, we next sought to determine
whether the same level of specificity occurs when similar ligands
are instead presented on a microbial glycan. To accomplish
this, we examined Gal-3 and Gal-3C binding toward more
than 300 microbial glycans isolated from distinct strains of
bacteria using a  previously  characterized MGM
(Supplementary Table 2; Stowell et al., 2014; Wesener et al,,
2015). Similar to binding on the CFG array, appreciable Gal-3
binding was not detected until a concentration of 0.36pM
Gal-3 was employed (Figure 4A). The structure recognized at
this concentration was the glycan isolated from Streptococcus
pneumoniae 43. When examining Gal-3 glycan recognition at
a slightly higher concentration of 1.1pM, the O antigen of
Providentia alcalifaciens O5 was also recognized. At higher
concentrations, the glycan antigens of additional microbes were
detected, including the O antigen of Klebsiella pneumoniae
Ol. In contrast to Gal-3, detectable binding on the MGM
was not observed for Gal-3C until at least 1.1 pM was employed,
with appreciable binding toward S. pneumoniae type 43 or P
alcalifaciens O5 only apparent following incubation with 3.3uM
Gal-3C (Figure 4B). However, similar to results obtained
following incubation with the CFG array, while differences in
the concentrations needed to detect binding were certainly
apparent between Gal-3 and Gal-3C, the overall trends in
bindings specificity were similar, strongly suggesting that while
the N-terminal domain likely facilitates higher affinity binding,
the intrinsic specificity for individual glycans appears to be driven
by the C-terminal domain.

The ability of Gal-3 and Gal-3C to bind the isolated glycans
from S. pneumoniae type 43 or P. alcalifaciens O5 at concentrations
similar to that observed on the CFG array was intriguing in

part because the intrinsic structure of each glycan reflects
lactose and aGal antigens, respectively (Figure 5); Gal-3 exhibited
low binding toward these individual structures on the CFG
array (Figures 2A,E). As a result, we next explored in more
detail the binding affinity of Gal-3 and Gal-3C toward the
microbial glycans present on the MGM using the same approach
outlined for evaluating saturated and non-saturated binding
toward the CFG arrays. Using this approach, we observed a
very high apparent affinity for the glycan antigens of
S. pneumoniae type 43 or P. alcalifaciens O5, with relatively Kp
values of 0.24 and 0.68 pM, respectively (Figure 6). In contrast,
binding to the glycan of K. pneumoniae O1 by Gal-3 was
apparent, but much weaker, where binding failed to fully saturate
and therefore provide a relative K}, over the concentrations tested
(Figure 6). Importantly, Gal-3 and Gal-3C binding did not
appear to reflect indiscriminate engagement of microbial glycans,
as neither exhibited appreciable binding toward related strains
of microbes, such as P, alcalifaciens O21, Streptococcus pneumoniae
57, or K. pneumoniae O4, which fail to express glycan with
mammalian-like structural motifs (Figure 5). These results suggest
that while Gal-3 can certainly recognize microbial glycans, this
recognition exhibits a certain level of specificity, with most
microbial glycans not recognized by Gal-3 or Gal-3C.

Gal-3, but Not Gal-3C, Kills P. alcalifaciens
05 and K. pneumoniae O1
Given the ability of Gal-3 to differentially recognize microbial
glycans on the MGM, we next sought to determine whether
binding on the microarray accurately predicted actual interactions
and overall antimicrobial potency toward intact microbes. Clear
interactions between Gal-3 or Gal-3C and P. alcalifaciens O5
could be observed by flow cytometric examination
(Figures 7A,B). Engagement of P. alcalifaciens O5 by both
Gal-3 and Gal-3C also required carbohydrate recognition, as
inclusion of TDG, a non-metabolizable inhibitor of galectin-
glycan interactions, inhibited recognition (Figures 7A,B).
Recognition by Gal-3 and Gal-3C appeared to be specific to
P. alcalifaciens O5 as incubation with P. alcalifaciens O21 failed
to result in any detectable binding when evaluated in parallel
(Figures 7A,B). To determine the impact of Gal-3 and Gal-3C
engagement of P. alcalifaciens O5 on microbial viability, we next
examined the outcome of Gal-3 or Gal-3C incubation with
P alcalifaciens O5 over a range of concentrations. Incubation
of Gal-3 resulted in reduced viability of P. alcalifaciens O5,
with an effective concentration 50 (EC50) of around 0.17 pM.
In contrast, incubation with the same concentrations of Gal-3
with P. alcalifaciens O21 failed to result in any detectable impact
on microbial viability (Figure 7C). To determine whether
Gal-3C can likewise impact microbial viability, we incubated
P alcalifaciens O5 with Gal-3C. Unlike Gal-3, Gal-3C failed
to influence the viability of P. alcalifaciens O5 at all concentrations
tested; similar results were observed following incubation of
Gal-3C with P alcalifaciens O21 (Figure 7D).

While Gal-3 and Gal-3C recognized a variety of glycan
determinants isolated from distinct strains of microbes, the
apparent affinity differed, suggesting that differential killing activity
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may also occur toward distinct microbial targets. Furthermore,
whether the inability of Gal-3C to kill P alcalifaciens O5 is
limited to this strain of microbe remained unknown. As a result,
we next evaluated the binding of Gal-3 and Gal-3C toward K.
pneumoniae O1 as both Gal-3 and Gal-3C displayed detectable,
albeit lower, binding toward the O antigen isolated from this
microbe (Figure 6). Similar to Gal-3 and Gal-3C interactions

with P alcalifaciens O5, Gal-3 and Gal-3C not only bound K.
pneumoniae O1, but these interactions likewise depended on
carbohydrate recognition as inclusion of TDG prevented binding.
Engagement of K. pneumoniae O1 also appeared to be specific,
as similar binding failed to occur when evaluated against K.
pneumoniae O4 (Figures 7EF). To determine the sensitivity of
K. pneumoniae Ol to Gal-3, we next evaluated K. pneumoniae
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Ol viability following incubation with increasing concentrations
of Gal-3. While loss of microbial viability was noted at higher
concentrations, the EC50 of Gal-3 toward K. pneumoniae O1
was higher (0.75uM), suggesting that like binding, killing activity
toward K. pneumoniae Ol required higher concentrations of

Gal-3. Also similar to binding, Gal-3 failed to impact the viability
of K. pneumoniae O4 at all concentrations tested (Figure 7G).
To determine whether Gal-3C possesses the ability to kill K
pneumoniae O1, we next examined K. pneumoniae O1 viability
following incubation with Gal-3C. Similar to its inability to
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impact the viability of P. alcalifaciens O5, Gal-3C likewise failed
to impact the viability of K. pneumoniae O1 or K. pneumoniae
O4 (Figure 7H). Taken together, these results suggest that the
MGM can ascertain relative affinity and microbicidal potency
of Gal-3 toward distinct strains of microbes and that the N-terminal
domain is required for both high affinity interactions with
microbial glycans and the overall antimicrobial activity of Gal-3.

DISCUSSION

While galectins have long been recognized as carbohydrate
binding proteins defined by their ability to engage f-galactose-
containing glycans, the fine specificity of many galectins, especially
toward microbial glycans, has remained incompletely defined.
Gal-3 in particular is intriguing as it is the only galectin that
belongs to the chimeric type subfamily, where it possesses a

unique N-terminal domain that does not possess critical residues
responsible for carbohydrate recognition, but is required for
oligomerization (Hsu et al., 1992; Chiu et al., 2020; Zhao et al,,
2021). While many studies have examined the binding specificity
of the full-length protein (Hirabayashi et al., 2002; Stowell et al.,
2008a; Song et al., 2009; Horlacher et al., 2010; Gao et al,
2019), much less is known regarding the intrinsic specificity
of Gal-3C toward a wide variety of glycan determinants. The
results of the present study suggest that the specificity of Gal-3
for most glycans appears to reside within the C-terminal domain
with higher affinity interactions with glycan ligands requiring
the full-length protein. The present results also demonstrate
that full-length Gal-3 is required for its antimicrobial activity.

Although general binding toward f-galactose containing
glycans became a defining feature of galectins, modifications
of B-galactose can have a significant impact on overall glycan
recognition. The preference for ABO(H) glycans has become
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an intriguing and almost defining feature of galectins (Feizi
et al., 1994; Hirabayashi et al., 2002; Carlsson et al., 2007;
Stowell et al., 2008a; Arthur et al., 2015d; Kamili et al., 2016),
although the extent to which other galectins likewise possess
similar overall binding preferences remains to be defined.
The overall binding preferences exhibited by Gal-3 in the
present study are largely in agreement with earlier studies,
where Gal-3 was observed to exhibit higher binding to blood
group A and blood group B than the H antigen (Feizi et al,

1994). More recent studies suggested that galectins may exhibit
a slight preference for blood group B over blood group A
(Stowell et al., 2010). Consistent with this, microarray analysis
in the present study demonstrated that blood group B was
the first glycan bound at the lowest concentration of Gal-3
or Gal-3C examined for which any appreciable glycan
recognition could be observed. At slightly higher concentrations,
binding to blood group A could also be readily detected.
However, analysis of galectin binding at a single concentration
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FIGURE 7 | Gal-3 and Gal-3C recognize and kill Providencia alcalifaciens O5 (PA O5) and Klebsiella pneumoniae O1 (KP O1). (A,B) Flow cytometric analysis of
Gal-3 (A) and Gal-3C (B) binding to PA O5 and PA 021 with or without inclusion of 20mM thiodigalactoside (TDG) as indicated. (C,D) Quantification of viable
bacteria after incubation with the indicated concentrations Gal-3 (C) and Gal-3C (D). (E,F) Flow cytometric analysis of Gal-3 (E) and Gal-3C (F) binding to KP O1
and KP 04 with or without inclusion of 20mM TDG as indicated. (G,H) Quantification of viable bacteria after incubation with the indicated concentrations Gal-3
(G) and Gal-3C (H). Error bars represent means + SD.

on the microarray can be misleading, as such an approach
only ascertains relative binding at a given concentration without
providing the additional insight obtained when examining
galectin binding over a range of concentrations that allows

the establishment a binding isotherm capable of providing
relative K, values. Using this approach, the impact of subtle
differences in blood group presentation can become
more apparent.
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The selective forces that facilitated ABO(H) blood group
polymorphism evolution within the human population have
remained incompletely understood (Cooling, 2015; Stowell and
Stowell, 2019a,b). However, several studies suggest that various
pathogens may have influenced the selection of ABO(H)
polymorphisms (Reid and Bird, 1990; Cooling, 2015), much
like other blood group and blood group-like antigens that can
likewise be a barrier to blood transfusion and the optimal
use of similar therapeutics (Zerra et al,, 2017, 2021; Mener
et al, 2018; Patel et al, 2018; Arthur et al., 2021). The
polymorphic nature of ABO(H) antigens strongly suggests that
the high binding affinity of Gal-3 toward these antigens is
not due to selective pressures that facilitate the engagement
and modulation of host cells. Rather, this preference points
to an evolutionary process that likely selected for this binding
specificity in the context of host immunity toward microbes.
In this way, galectins may provide a unique form of innate
immunity against microbes that utilize molecular mimicry to
avoid adaptive immunity. As innate immune factors are not
subjected to tolerogenic programs that limit adaptive immunity
toward self-antigens, galectins and perhaps other lectins may
fill this gap in adaptive immunity by targeting microbes that
express mammalian-like structures on their surface.

The ability of Gal-3 to recognize a diverse range of microbes
that express distinct self-like antigens is intriguing and suggests
that the relatively promiscuous binding profile often attributed
to this protein family over a range of concentrations may
actually reflect an important ability to recognize a variety of
microbial glycans with self-like antigen features. However, there
are clearly differences in the binding that can be observed
toward microbial glycans and similar motifs as presented on
mammalian glycans. For example, while Gal-3 failed to exhibit
a high level of binding toward lactose, presentation of this
motif within the microbial glycan of S. pneumoniae type 43
appeared to support high affinity glycans. These results strongly
suggest that the presentation of a given glycan motif, possibly
due to the polymerizing nature of repeating structures on the
microbial surface, may be important glycan feature that facilitates
this type of interaction. Consistent with this, while almost no
detectable binding was observed for Gal-3 toward LacNAc,
polymers of LacNAc in the form of polyLacNAc supported
high affinity Gal-3 interactions. However, subtle differences in
glycan presentation on the microbial surface can still impact
overall Gal-3 binding. For example, while K. pneumoniae O1
and P alcalifaciens O5 contain the Galal-3Gal motif, this
structure is polymerized within distinct glycans on each microbe
(Gala1-3Galp1-3Gal-R in K. pneumoniae O1 and Galal-3Galp1-
3GIcNAc-R in P alcalifaciens O5). Unfortunately, a major
limitation in the MGM is the lack of availability of most of
the microbes represented on the array. While this limited the
ability to perform confirmatory tests for all positive events
observed, the correlation between binding and the potency of
killing activity toward K. pneumoniae Ol and P. alcalifaciens
O5 suggests that this overall approach may be useful when
seeking to examine the binding specificity of a given carbohydrate
binding protein for microbial glycans. Despite subtle differences
in binding affinity unique microbial glycans, Gal-3 and Gal-3C

displayed a fairly high level of specificity for distinct microbial
glycans when compared to all the microbial glycans present
on the array. This stands in stark contrast to most innate
immune factors that often recognize microbial motifs that are
common to a diverse range of microbes (Janeway and Medzhitov,
2002). This unique specificity for individual strains of microbes
places galectins as unique innate immune factors that selectively
bind and kill a subset of microbes.

Glycan microarrays have become a powerful way to examine
the binding specificity of carbohydrate binding proteins against
a wide range of glycan determinants (Rillahan and Paulson,
2011). The construction of microarrays requires less glycan
material than many other assay formats and therefore expands
the ability to explore a particular glycan library when assessing
the binding specificity of a given carbohydrate binding protein.
While microarray approaches for assessing carbohydrate binding
proteins have improved the overall analysis of carbohydrate
binding proteins specificity, the manufacturing and use of glycan
microarrays can remain resource intense, and therefore, analysis
has primarily focused on a single concentration of a particular
carbohydrate binding protein on a given microarray. This
approach can uncover important features of glycan binding
for a particular carbohydrate binding protein, including glycan
modifications that appear to directly inhibit glycan recognition.
However, when using this approach, it can be challenging to
know a priori where the linear range of glycan binding for a
particular carbohydrate binding protein resides. Similarly, while
the density of glycans printed is relatively similar to discrete
glycans, printing can result in subtle differences in glycan
concentration that can impact the maximal binding possible
for a given carbohydrate binding protein. While these differences
can be subtle, they can suggest possible differences in glycan
binding affinity that may actually reflect slight differences in
printing efficiency between different glycans. The ability to
examine Gal-3 and Gal-3C binding over a range of concentrations
provided a relative binding affinity that may aid in reducing
variability due to slight differences in glycan printing density,
while also providing a general framework for assessing the
actual affinity for a given glycan as printed in an array format.
Using this approach, a number of glycans were bound at higher
concentration where saturation was not achieved but where
binding was clearly detected. To document these lower affinity
interactions, we employed the more commonly ranked analysis
as a percentage of maximal binding only at the highest
concentration tested. This combined approach of Kj, analysis
for glycans that clearly saturated coupled with a relative binding
assessment of unsaturated glycans builds on recent advances
in glycan array analysis with the goal of providing additional
insight into carbohydrate binding protein glycan recognition.
More definitive K, values could have been obtained for lower
affinity interaction by expanding the concentrations tested.
However, as galectin concentrations in excess of 30 uM in vivo
are unlikely, the relevance of Ky, ascertained following escalating
test concentrations beyond 30puM is of uncertain value, and
therefore, analysis was limited to the concentration range tested.

A variety of previous studies has examined the requirement
of the N-terminal domain in Gal-3 signaling of host cells,
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with a primary focus on immune cells (Chen et al., 2005).
Through N-terminal domain self-association, Gal-3 can cross
link counter receptors and impact the signaling outcomes of
many host cells (Horlacher et al., 2010; Guha et al., 2013;
Gao et al, 2019). However, less has been known regarding
the involvement for the N-terminal domain in Gal-3-mediated
antimicrobial activity and overall binding to a wide range
of both mammalian and microbial glycans. Given the similarities
in overall specificity, despite significant differences in the
concentration at which binding was detected on each array,
the intrinsic affinity of glycans within the Gal-3 CRD may
not differ whether in the context of the full-length protein
or as an isolated CRD. Consistent with this, several studies
using solution-based isothermal calorimetry demonstrated that
Gal-3 and Gal-3C exhibit very similar affinity for various
glycan ligands (Ahmad et al., 2004b; Rodriguez et al., 2015).
Given the ability of the N-terminal domain to facilitate Gal-3
self-association (Hsu et al., 1992; Chiu et al., 2020; Zhao
et al, 2021), initial binding by one CRD within the full-
length protein may increase the effective concentration of
the second CRD toward glycans immobilized on the same
surface, directly increasing the probability that additional
binding events occur in the context of the multimeric protein.
In this context, the microscopic K, or binding affinity of
each domain within the full-length protein is likely no different
than the CRD alone, but the impact of enhanced effective
concentration of each CRD within the oligomeric full-length
protein following initial binding likely increases the overall
avidity of interactions with immobilized glycans; this can
be observed as an apparent increase in affinity for mammalian
and microbial glycans. Recent studies have demonstrated that
the C-terminal domain of Gal-3 can also self-associate (Lepur
et al, 2012; Sundqvist et al., 2018), suggesting that higher
order Gal-3 structures may form independent of the N-terminal
domain. However, while the C-terminal domain may self-
associate following engagement of microbial glycans or on
the microbial surface in general, this interaction does not
appear to be sufficient to convey antimicrobial activity following
Gal-3C binding.

Prior studies defining the antimicrobial activity of galectins
have primarily focused on the tandem repeat galectins, Gal-4
and Gal-8, which possess two distinct CRDs linked by an
intervening peptide (Levy et al., 2001; Rustiguel et al., 2016).
Examination of the components of Gal-8 in particular that
are required for killing microbes demonstrated that the
C-terminal domain (Gal-8C) alone possesses its antimicrobial
activity (Stowell et al., 2010). As prior data suggest that
Gal-8C is a monomer (Stowell et al., 2008b), the intrinsic
ability of Gal-8C to kill microbes suggested that monovalent
galectin interactions with microbial glycans alone can alter
microbial viability. Given these prior findings, we anticipated
that Gal-3C, despite lacking its intrinsic ability to oligomerize,
may likewise possess the ability to kill microbes. In contrast,
despite being able to engage blood group antigens with similar
affinity as Gal-8C (Stowell et al., 2008b), Gal-3C failed to
impact microbial viability. It is possible that the requirement
of the N-terminal domain for Gal-3-mediated microbial killing

reflects an activity that is completely independent of its role
in facilitating multimerization. However, as inclusion of hapten
inhibitors prevented Gal-3 microbial binding and Kkilling,
initial engagement of microbes likely requires recognition
of glycan ligands by the Gal-3 CRD. Consistent with this,
Gal-3 also failed to recognize or kill microbes that do not
express self-like antigens. These results do not rule out the
possibility that the N-terminal domain may facilitate Gal-3
interactions with the microbial surface following initial
engagement by Gal-3. Examination of the N-terminal domain
alone will be required to determine whether this isolated
domain possesses the ability to directly interact with microbes.
As Gal-4 and Gal-8 do not possess a similar N-terminal
domain as Gal-3, yet possess the ability to effectively kill
microbes, the requirement of full-length Gal-3 for microbial
killing may indeed reflect a need for N-terminal domain-
mediated oligomerization. Since oligomerization status is
crucial for Gal-3 to mediate many carbohydrate-dependent
processes (Horlacher et al., 2010; Gao et al., 2019), proteolytic
cleavage on the N-terminal domain may reflect a regulatory
circuit that modulates its antimicrobial activity among other
regulatory features of the protein (Hsu et al., 1992; Herrmann
et al., 1993).

The outcome of Gal-3 binding to bacterial glycans may
not be limited to antimicrobial killing. Gal-3 can facilitate
LPS detection by neutrophils and directly impact neutrophil
activation (Li et al, 2008; Fermino et al.,, 2011), suggesting
that Gal-3 may not only serve as a danger-associated molecular
pattern molecule (Sato and Nieminen, 2002), but may also
alter the ability of innate immune cells and perhaps other
cells, to detect pathogen associated molecular patterns. Some
of these interactions may be mediated by direct interactions
with lipid A (Mey et al., 1996). However, the present results
suggest that the composition of the glycan present on LPS
may influence these interactions and attendant consequences.
Indeed, the ability of Gal-3 to engage specific microbial glycan
determinants may not only play a role in providing direct
protection against molecular mimicry, but also may have
related consequences on the ability of Gal-3 to detect LPS
shed from individual strains of microbes and therefore alert
or otherwise alter a host immune response following exposure
to a given microbe.

Taken together, these results demonstrate that Gal-3 binds
a very diverse range of mammalian glycans, but exhibits a
high affinity for polymorphic blood group antigens, a process
that appears to require the full-length protein. However, whether
Gal-3 can successfully bind and kill similar microbes in vivo
remains to be tested. Despite the ability of the C-terminal
domain of Gal-8 alone to kill bacteria, Gal-3C fails to alter
microbial viability, suggesting that some self-association of
Gal-3 that occurs independent of the C-terminal domain alone
is likely required for the ability of Gal-3 to kill microbes.
These results also demonstrate that Gal-3 binding alone is not
sufficient to kill bacteria, as examination of Gal-3C at
concentrations that achieved similar levels of microbial glycan
binding as was observed by Gal-3 failed to kill bacteria. Thus,
the N-terminal domain of Gal-3 is required not only for high
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affinity microbial glycan interactions, but also for the ability
of Gal-3 to kill microbes.
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Trypanosoma cruzi, the protozoan parasite causative agent of Chagas disease, affects
about seven million people worldwide, representing a major global public health concern
with relevant socioeconomic consequences, particularly in developing countries. In
this review, we discuss the multiple roles of galectins, a family of B-galactoside-
binding proteins, in modulating both T. cruzi infection and immunoregulation. Specifically,
we focus on galectin-driven circuits that link parasite invasion and inflammation and
reprogram innate and adaptive immune responses. Understanding the dynamics of
galectins and their B-galactoside-specific ligands during the pathogenesis of T. cruzi
infection and elucidating their roles in immunoregulation, inflammation, and tissue
damage offer new rational opportunities for treating this devastating neglected disease.

Keywords: galectin, Trypanosoma cruzi, galectin-1, galectin-3, Chagas disease

INTRODUCTION

Chagas disease is a major neglected disease in Latin America, affecting around seven million
people worldwide and causing 50,000 deaths per year (WHO, 2014; Lidani et al., 2019). It is an
anthropozoonosis affecting humans for more than 4,000 years (Guhl et al., 1999; Aufderheide et al.,
2004). Although, in the past, the disease was mainly circumscribed to the American continent,
there are an increasing number of cases in non-endemic countries mostly due to the migration of
infected people from endemic areas (Schmunis, 2007; Lidani et al., 2019). The infection takes place
either by vector-borne, congenital routes, blood-borne, and oral or organ-derived transmission
(Bern et al., 2019). Successful strategies used to eliminate vectors in some endemic regions, as well
as the exhaustive screening in blood banks, highlight the relevance of congenital mother-to-child
transmission as the main actor of Chagas disease’s urbanization (Schmunis and Cruz, 2005; Coura
and Dias, 2009; De Rissio et al., 2010; Bisio et al., 2011).
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The flagellated protozoan Trypanosoma cruzi is the etiologic
agent of Chagas disease. Glycoproteins and glycolipids play
an important role in most of the steps of the complex life
cycle of this microorganism, which involves interactions with
mammalian hosts and insect vectors from the Triatominae
subfamily (Hemiptera, Reduviidae), usually called vinchuca,
kissing bug, barbeiro, among others (Tyler and Engman, 2001;
De Souza et al, 2010; Garcia et al., 2010). T. cruzi has an
incredible adaptation capacity that allows infection of more than
one hundred mammalian species as well as a great versatility to
transmit disease to sylvatic and domiciliary adapted Triatomine
vectors (Noireau et al., 2009; Jansen et al., 2020). This flourished
life cycle is sharpened by different lineages of T. cruzi. Hence, a
committee of experts, in 2009, came to the decision to cluster
the parasite strains into six discrete typing units (DTU), named
TcI to TcVI, and a seventh DTU named TcBat (Zingales et al,,
2009), based on biological, biochemical, and genetic diversities.
Each DTU exhibits a typical geographic distribution, as well
as different predominance in the sylvatic or domestic cycle,
variations in their reservoirs, and vectors (Zingales et al., 2012).
Until now, it has not been possible to determine a correlation
between clinical manifestations and the circulating DTUs in
human pathology (Del Puerto et al., 2010; Zingales et al., 2012;
Jansen et al., 2020). Thus, despite the usefulness of DTU partition
for genetic purposes, the species display a high diversity even in
strains present within the same DTU (Roman et al., 2018).

Along its life cycle, T. cruzi undergoes biologic, structural, and
metabolic transformations to adapt and survive in the different
evolving environments. Different forms or parasite stages are
epimastigotes and metacyclic trypomastigotes in the vector and
amastigotes and blood trypomastigotes in the mammalian host
(De Souza et al., 2010; Garcia et al., 2010). Variation in surface
mucin glycoconjugates has been described not only in each
parasite stage but also in each lineage of the different DTUs
(Giorgi and de Lederkremer, 2020). Epimastigotes are rich in
mucins that protect them from the action of agglutinins and
proteases in the digestive tract (Buscaglia et al., 2006; Villalta
et al, 2008). The attachment to peri-microvillar membranes
through the interaction of parasite glycoinositolphospholipids
with insect-derived glycoconjugates triggers metacyclogenesis
and transforms replicative epimastigotes in highly infective
metacyclic trypomastigotes that are released by feces and
urine during vector feeding (De Souza et al., 2010; Garcia
et al, 2010). These forms cannot pass through intact skin
but can enter the bloodstream through mucosal tissue or at
the biting site after a scratch (Giddings et al, 2010). Once
inside the mammalian host, trypomastigotes infect macrophages,
fibroblasts, adipocytes, and other cell types, before they reach
skeletal, smooth, and cardiac muscle (Landskroner-Eiger et al.,
2005; Epting et al., 2010; Ferreira et al, 2011). Invasion is
a complex process involving many glycoproteins expressed
in metacyclic trypomastigotes, such as gp90, gp82, gp30 y
gp35/50 that are differentially expressed in the parasite strains
and modulate diverse signaling pathways, which determine
efficient internalization of the parasite (Ferreira et al., 2006;
Yoshida, 2006; Alves and Colli, 2007; Villalta et al., 2008;
Calvet et al.,, 2012; Romano et al.,, 2012; Ferri and Edreira,
2021). Other relevant molecules that are implicated in adhesion

and invasion processes are mucins, cruzipain, and trans-
sialidase (TS), a unique protein that reversely transfers sialic
acid to PB-Gal residues on acceptor molecules present in
parasite’s or host’s cell membranes (Vandekerckhove et al,
1992; Buscaglia et al., 2006; De Souza et al, 2010; Calvet
et al, 2012; Bartholomeu et al., 2014). Once inside the
cell and independently of the route of entry, the parasite
transiently persists into the parasitophorous vacuole (PV),
where TS has an important role in the protection and
maturation of trypomastigotes. Notably, sialic acid transfer
activity of TS avoids parasite membranes degradation, and after
differentiation, the parasite escapes from the vacuole to the
cytosol using TS and other virulence factors (De Souza et al.,
2010; Epting et al., 2010). After several rounds of replication,
amastigotes start trypomastigote transformation (De Souza,
2002; Waghabi et al., 2005; Alves and Colli, 2007). Finally,
and by a poorly understood mechanism, parasites can lyse
the cell gaining access to the extracellular space, infect the
neighboring cells, or reach the bloodstream, where the cycle
restarts (Barrias et al., 2013).

Infection can be divided into two phases: the acute phase
mostly presents symptoms that are difficult to ascribe to Chagas
disease in a general clinical examination (Pinto et al., 2008);
the only exception is the cutaneous damage caused at the site
of inoculation, when it occurs (WHO, 2007; Tanowitz et al.,
2009; Hemmige et al., 2012). Some people, especially children,
may develop life-threatening alterations in the heart and brain
during this phase. This number could be as high as 2-5% of
the cases in which acute phase is detected (Pinto et al., 2008;
Tanowitz et al., 2009; Hemmige et al., 2012; Healy et al., 2015).
After 2-4 months, and although the immune system manages
to partially control the infection, the chronic asymptomatic stage
ensues. It can last throughout the life of the infected individual;
the only clinical manifestation could be a subtle degree of
myocardial abnormalities in stress echocardiography and Dopler
tests that sometimes may lead to sudden death (Punukollu
et al., 2007; Tanowitz et al, 2009). However, approximately
30-40% of infected people show clinical alterations, affecting
cardiac tissue with an incidence of 20-30%, the digestive organs
such as megaesophagus or megacolon with a frequency of 6-
10%, or mixed form (Dutra et al., 2009; Hemmige et al., 2012;
Viotti et al., 2014). Chronic chagasic cardiomyopathy (CCC),
the most frequent manifestation, is a dilated heart disease
with focal or disseminated inflammatory infiltrates, destruction
of cardiac muscle, progressive fibrosis, and a high prevalence
of conduction abnormalities, sinus node dysfunction, complex
ventricular arrhythmias, and apical thrombus (Tanowitz et al.,
2009; Esper et al., 2015; Healy et al., 2015).

So far, the events that trigger the transition from the chronic
asymptomatic to the symptomatic stage are still unknown, and
the paradigm shifted over time now accepting that the direct
action of the parasite, as well as the immune response generated
by the host, are the main mechanisms responsible for cardiac
and digestive pathology (Acevedo et al., 2018). Thus, a strong
cellular response with a predominance of CD4" T and CD8"
T cells producing interferon (IFN)-y and tumor necrosis factor
(TNF)-a has been demonstrated, not only in the heart but also
in the blood (Dutra et al., 2009). However, some mechanisms
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seem to be independent of the parasite persistence, including the
development of an autoimmune process, mainly due to molecular
mimicry between parasite and host proteins (Levin et al., 1993;
Kaplan et al., 1997; Freedman and Lefkowitz, 2004; Smulski et al.,
2006; Labovsky et al., 2007; Medei et al., 2007). The list of cross-
reactive antibodies is extensive and is out of the scope of this
revision (Acosta and Santos-Buch, 1985; Cunha-Neto et al., 1996;
Bilate and Cunha-Neto, 2008; Ribeiro et al., 2009). However,
CD47" T cells with the ability to recognize host-self antigens
have been detected in cardiac tissue of experimentally infected
animals, as well as in patients with CCC (Silva-Barbosa and
Savino, 2000; Cunha-Neto et al., 2011). In addition, neurogenic
degeneration due to denervation of the heart (dysautonomia)
and alterations in microcirculation, which generate the ischemic
foci observed in hearts from patients with CCC, contribute to
the development of this pathology (Bonney and Engman, 2008;
Machado et al., 2012). Although the pathogenesis of CCC is
multifactorial, it is clear that the presence of different lineages of
the parasite, as well as different components of the host’s immune
system, may contribute to the progression from an asymptomatic
form of the disease toward chronic heart pathology (Viotti et al.,
2014; Healy et al., 2015; Acevedo et al., 2018).

GALECTINS

Galectins are a family of glycan-binding proteins characterized
by the presence of at least one carbohydrate recognition
domain (CRD) and a common structural fold. They mainly
recognize glycoconjugates containing repetitive structures of the
disaccharide N-acetyl-lactosamine (Galp1-4GlcNac or LacNac)
(Rabinovich et al, 2007, Van Kooyk and Rabinovich, 2008;
Rabinovich and Toscano, 2009; Vasta, 2009; Davicino et al,
2011). Although these proteins bind to the same functional
group, their carbohydrate specificity and plasticity in the CRDs
are different, which in turn confers diverse functional properties
(Vasta, 2012). In fact, each galectin recognizes a distinct set of
glycosylated proteins or lipids at the cellular surface, extracellular
matrix (ECM), or inside the cell (Wiersma et al., 2013). In
general, galectin binding to a single ligand has a low affinity, but
their multivalence and the complexity of the glycosylated ligands
present on cell glycoproteins turn this binding into reversible
high-affinity interactions (Thiemann and Baum, 2016). Terminal
modifications such as sialylation, sulfation, or fucosylation on
galactose affect galectin binding affinities (Hirabayashi et al.,
2002; Rabinovich and Toscano, 2009).

There are at least 15 galectins in mammals expressed in
different cells and tissues, including 10 galectins in humans,
which are classified in prototype, chimera type, and tandem-
repeat type. Prototype galectins (galectins-1, -2, -5, -7, -10,
-11, -13, -14, and -15) have one CRD per subunit and are
able to form non-covalent dimers; the chimera type galectin-3
has an N-terminal region responsible for their oligomerization,
whereas tandem-repeat galectins (galectins-4, 6, 8, 9, and
12) have two homolog CRD in the same polypeptide chain,
separated by a linker peptide of up to 70 amino acids long.
Most of them are secreted through a non-classical mechanism
(Van Kooyk and Rabinovich, 2008; Vasta, 2012; Schnaar, 2015),

which still remains uncertain. In this regard, recent studies
revealed that, in response to stress or infection, galectins
are secreted through mechanisms involving non-canonical
inflammasome activation and pyroptosis (Russo et al., 2021).

Some galectins, such as galectins-1 and 3, are ubiquitously
expressed, whereas others present a more restricted distribution
(Van Kooyk and Rabinovich, 2008). By interacting with
specific glycoconjugates, galectins can trigger different signaling
pathways leading to modulation of several cell processes,
including activation, differentiation, apoptosis, receptor
turnover, and trafficking (Rabinovich et al., 2007, Van Kooyk
and Rabinovich, 2008; Ilarregui et al., 2009; Rabinovich and
Toscano, 2009). By tempering these processes, galectins can
control immune homeostasis, either in normal or pathologic
conditions, with beneficial or detrimental effects to host tissues
(Rabinovich and Croci, 2012). Moreover, galectins can modulate
host-pathogen interactions and serve as mediators of immune
evasion mechanisms (Davicino et al., 2011).

Interestingly, galectins have been proposed to bind glycan
moieties present on the surface of viruses, fungi, bacteria, and
parasites (Vasta, 2009), highlighting the role of these lectins as
pattern recognition receptors. Under certain conditions, they
can directly interact with receptors in host cells and inhibit
the interaction of pathogens or even cross-link and immobilize
them at the ECM, ultimately blocking infection (reviewed by
Vasta, 2020). Furthermore, galectins are abundant both in
the intracellular and the extracellular compartments and can
influence infection, dissemination, or pathogen eradication
through different mechanisms. Through direct or indirect
pathways, pathogens themselves can up- or downregulate
expression, concentration, and subcellular distribution of
galectins at sites of infection (Levroney et al., 2005; Lujan et al.,
2018). Strikingly, galectins may indirectly control pathogen
persistence or elimination by positively or negatively shaping
antimicrobial immunity (Sato et al., 2014; Nita-Lazar et al., 2015;
Davicino et al., 2017; Xue et al., 2017).

GALECTINS AND Trypanosoma cruzi

Previous studies described differential binding of human
galectins to T. cruzi, demonstrating selective recognition of
different parasite stages by these glycan-binding proteins.
Interestingly, they can display a particular binding profile related
to the parasite’s genetic background (Pineda et al., 2015a). T. cruzi
is highly glycosylated, and surface glycoconjugates differ among
biological stages of the parasite (de Lederkremer and Agusti,
2009). As described earlier, the parasite surface is enriched in
mucins, which are complex glycoproteins displaying a dense
array of O-linked oligosaccharides that constitute a coat that
protects the parasite from the host and mediates interactions with
host receptors and glycan-binding proteins. In general, most of
the components are mucins-like proteins anchored to the parasite
surface by glycosylphosphatidylinositol. Of note, carbohydrates
are the major components of these molecules and account for up
to 60% of their molecular mass (Buscaglia et al., 2006). Here, we
review several interactions that take place between galectins and
T. cruzi that control parasite invasion and immunity (Figure 1).
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FIGURE 1 | (A) Structural classification of galectins. Some members of the prototype (galectin-1 and -7), chimera-type (galectin-3), and tandem-repeat type
(galectins-8 and -9) galectins have been associated with T. cruzi recognition. (B) Galectins preferentially recognize parasite stages found in the mammalian host
(amastigotes and trypomastigotes). Only galectin-7 recognizes epimastigotes (not shown). Potential receptors that bind human galectins (upper panel) and the
intensity of some of these interactions reported by Pineda et al. (2015a) and others are summarized here (lower panel). Target cells, cellular localization, and/or
properties of endogenous galectins during T. cruzi infection are enumerated in the lower panel. Ssp-4, stage-specific protein 4; AgC10, surface mucin AgC10;
GP63, surface protease 63; GP82-90, surface glycoprotein (82-90); TcMUCII, T. cruzi mucin Il; TS, trans-sialidase; Sp-1, surface protein 1.

GALECTIN-1 AND Trypanosoma cruzi
INFECTION

Galectin-1, a prototype member of the galectin family, is
highly expressed by different cell types, including immune cells,
epithelial cells, endothelial cells, and adipocytes, at sites of
infection and inflammation (Toscano et al., 2018). The binding

affinity of galectin-1 for LacNAc-expressing glycoconjugates
depends on the structure and nature of the glycoconjugate,
presented either as a glycoprotein or glycolipid, and on the
galactose linkage type and the branches on complex N-glycans.
In general, galectin-1 binding to a single ligand is a low-
affinity interaction, but the complexity of the glycan ligands
present on cellular glycoproteins can turn this association into a
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reversely high-affinity interaction (Thiemann and Baum, 2016).
Of note, this lectin has a high affinity for complex N-glycans,
and the binding to LacNac is interrupted by a2,6-sialylation
on the terminal galactose. In addition, elongated core 2-O-
glycans, glycosphingolipids, and some gangliosides have been
described to bind galectin-1 (Rabinovich and Toscano, 2009).
The binding to multivalent glycans on the cell surface promotes
galectin-1-glycan interactions (Bourne et al., 1994). This effect
favors proximity between two or more cells, adhesion of cells
to glycosylated surfaces, and the formation of lattices at the
cell surface, which facilitates receptor clustering, signaling,
turnover, and endocytosis (Kutzner et al., 2020). Moreover,
these effects rely on tissue-specific expression, distribution, and
local concentrations of this lectin (Vasta, 2020). In general,
galectin-1 displays anti-inflammatory and pro-resolving capacity
by targeting multiple immune cells, including lymphoid and
myeloid cells. In fact, this lectin influences cellular activation,
differentiation, and survival of T cells, B cells, and dendritic cells
(DCs) (Sundblad et al., 2017). By virtue of these mechanisms,
this lectin has been shown to foster cancer immunosuppression
(Rabinovich and Conejo-Garcia, 2016), promote resolution of
autoimmune disorders (Rabinovich et al., 1999; Toscano et al.,
2006, 2018), and dampen immunity against several pathogens
(Davicino et al., 2011; Vasta, 2020). Interestingly, galectin-1 has
been proposed to serve as a danger-associated molecular pattern
secreted in response to infection inflammation and stress (Sato
et al., 2009; Vasta, 2020; Russo et al., 2021).

An early report in Chagas disease demonstrated the
upregulation of galectin-1 in cardiac tissues of CCC patients
and revealed an increased titer of circulating anti-galectin-1
autoantibodies in sera from these individuals (Giordanengo et al.,
2001). More recently, galectin-1 was found to be upregulated
in the myenteric plexus ganglia of patients with Chagas disease,
suggesting a possible association between this lectin and the
ganglionitis in the chagasic megacolon (Beghini et al., 2017).
Interestingly, the presence of anti-galectin-1 antibodies has also
been documented in patients with autoimmune neurological
disorders (Lutomski et al., 1997), systemic lupus erythematosus
(Montiel et al., 2010), and rheumatoid arthritis (RA, Xibillé-
Friedmann et al., 2013). Of note, not only auto- anti-galectin-1
antibodies but also changes in galectin-1 serum levels have been
found in these autoimmune disorders (Montiel et al., 2010;
Mendez-Huergo et al., 2018). Likewise, elevated levels of galectin-
1 have been detected in sera from T. cruzi-infected patients in
both the asymptomatic and cardiac phases of this inflammatory
disease (Benatar et al., 2015).

Chronic chagasic disease is multifactorial cardiomyopathy,
and the mechanisms involved in the progression to severe
manifestations have not been fully elucidated. It is well accepted
that both the persistence of the parasite and immune effector cells
trigger tissue damage (Marin-Neto et al., 2007). An inflammatory
microenvironment generated by the infection modifies the
expression of metalloproteinases, galectins, and cytokines,
including transforming growth factor-p, which contribute to
the development of myocarditis, tissue remodeling, and fibrosis,
thus influencing the progression of the parasite cycle and
stimulation of cardiac tissue alteration (da Costa et al., 2019).

As observed in patients with severe CCC (Giordanengo et al.,
2001), Seropian et al. (2013) described the upregulation of
galectin-1 in human cardiac tissue from patients with end-stage
chronic failure (Seropian et al., 2013). Interestingly, galectin-1
was overexpressed in cardiac cells exposed to pro-inflammatory
cytokines or hypoxic stimuli. Mice lacking galectin-1 (Lgals1~/~)
presented exacerbated symptoms with more inflammatory cells
and fewer regulatory T cells (Tregs) in hearts compared with their
wild-type (WT) counterparts (Seropian et al., 2013), suggesting a
protective role for this lectin in cardiac tissue homeostasis.

In the early 1980s, Henriquez et al. (1981) documented
in vitro the effect of pretreatment of three distinct cell types
(Vero, MA-103, and chick muscle cells) with different lectins
to prevent T. cruzi infection. More recently, galectin-1 has
been shown to inhibit the infection of cardiac cells exposed to
T. cruzi in culture, using two strains of the parasite with different
genetic backgrounds. Interestingly, a parasite strain-dependent
glycophenoytpe of cardiac cells was observed, characterized by
a reduction in galectin-1-specific ligands on the surface of cells
infected with the most virulent strain (Tulahuen, Tul). Protection
against T. cruzi infection mediated by galectin-1 was confirmed
in the experimental T. cruzi infection model, where Lgals1=/~
animals infected with Tul strain displayed enhanced mortality
and parasite load in cardiac tissue compared with WT mice. Thus,
modulation of galectin-1-glycan interactions in cardiac cells may
influence parasite-driven heart injury (Benatar et al., 2015).

In the past years, an increasing number of reports documented
the role of galectin-1 within innate and adaptive immune
compartments (Toscano et al, 2018). Through its ability to
induce tolerogenic DCs and Tregs (Ilarregui et al, 2009)
and promote apoptosis of activated Thl and Thl7 cells
(Toscano et al., 2007), galectin-1 promotes tumor-immune
escape (Cagnoni et al., 2021), feto-maternal tolerance (Blois
et al., 2007), and resolution of autoimmune neuroinflammation
(Ilarregui et al., 2009). Interestingly, T. cruzi infection upregulates
the expression of galectin-1 in different immune cells, including
B cells and macrophages (Zuniga et al, 2001lab). Of note,
galectin-1 produced by activated B cells triggered apoptosis of
activated T cells and reduced IFN-y production by these cells
(Zaniga et al., 2001a). In addition, J774 macrophages responded
to T. cruzi trypomastigotes by releasing high amounts of galectin-
1 (Zuniga et al, 2001b). Recombinant galectin-1 enhanced
microbicidal activity and controlled survival of T. cruzi-infected
macrophages. Under low concentrations of this lectin, splenic
macrophages from infected mice showed active replication of
the parasite, low interleukin (IL)-12 production, and inhibition
of nitric oxide production, consistent with alternative M2
macrophage activation (Correa et al., 2003). On the other hand,
a high concentration of galectin-1 promoted dose-dependent
apoptosis of macrophages and inhibition of parasite replication
(ztniga et al., 2001b).

Compelling evidence shows that T. cruzi can directly influence
the function of DCs, interfering with the development of adaptive
immune responses. Van Overtvelt et al. (1999) reported that
human monocyte-derived DCs could be infected by T. cruzi,
preventing optimal activation and blunting production of
pro-inflammatory cytokines. Subsequently, it was demonstrated
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that the parasite promotes IL-10-producing bone marrow-
derived tolerogenic DCs (Poncini et al., 2008). In this regard,
galectin-1 has emerged as a decisive factor instructing DCs
to become tolerogenic. LgalsI~/~ mice are refractory to the
regulatory effects of T. cruzi, preserving immunogenicity of
DCs upon parasite stimulation. Intradermal infection with the
high virulent RA strain of T. cruzi induced early recruitment
of DCs to draining lymph nodes and local upregulation of
galectin-1. Of note, this lectin was expressed in the spleen
during the acute phase of infection. Surprisingly, and in contrast
with the results obtained by Benatar et al. (2015) following
the intraperitoneal route of infection, Lgals1~/~ mice presented
enhanced resistance to acute T. cruzi infection and low parasite
burden in tissue, with a major susceptibility in female compared
with male animals. Enhanced susceptibility to T. cruzi infection
in WT mice and persistence of the parasite in infected tissues
were driven by a regulatory circuit initiated by upregulation of
galectin-1, which elicited tolerogenic DCs, Tregs, and inhibition
of antigen-specific T cell responses (Poncini et al., 2015). The
discrepancies described in the experimental models of infection
using LgalsI~/~ mice could be related to distinct parasite
administration routes, the presence of different phagocytes at the
site of inoculation, and the local immune response triggered by
different T. cruzi strains (Barbosa et al., 2019). In addition, it was
demonstrated that T. cruzi could modulate the glycophenotype
in some cell types suggesting an exquisite evolutionary condition
of this parasite that allows manipulation to persist in host cells.
This plasticity would also add complexity to the outcome of the
infection that is affected by the parasite strain (Tul, Brazil, or
RA), the route of infection (intraperitoneal or intradermoplantar
inoculation), and the immune responses triggered by the
parasite. In this regard, strain-dependent discrepancies have been
previously described in other parasite infection models (Toscano
et al,, 2012). Thus, galectin-1 emerges as a central component
of the infection machinery co-opted by T. cruzi to persist in
the host, evade immune responses, and promote tissue damage.
However, despite considerable progress, the mechanisms leading
to upregulation of galectin-1 synthesis by T. cruzi and the
signaling pathways underlying galectin-1-glycan signaling in
response to parasite infection remain largely unexplored.

GALECTIN-3 AND Trypanosoma cruzi
INFECTION

Galectin-3, the chimera type member of the galectin family,
has a high affinity to oligosaccharides bearing 2- or 3-O-
a-substituents on the outer galactose residue of glycans, such
as NeuNAca2,3 lactosamine or the A-blood group structure
GalNAcal,3 [Fucal,2] Galpl,4GIcNAc (Barboni et al.,, 2000;
Krzeminski et al., 2010).

Galectin-3 is the best-studied galectin in the context of T. cruzi
infection. It has been shown to promote T. cruzi adhesion
and invasion and modulate interactions between the parasite
and the host immune system. An early report came from
Moody et al. (2000), who showed that T. cruzi adhesion to
mammalian cells was favored by interactions between parasite

mucins and human laminin via galectin-3-mediated bridging.
In vitro experiments showed that human galectin-3 significantly
increased the attachment of trypomastigotes to laminin-coated
plates but not to collagen. As this association was blocked by
lactose in a dose-dependent manner, it has been proposed that
interactions between T. cruzi mucins and this lectin involve its
conserved CRD. Interestingly, the authors proposed the presence
of a parasite-derived galectin-3, although genes encoding this
protein have not been reported in T. cruzi (Turner et al., 2002).
Later, the role of human galectin-3 in favoring the adhesion
of the infected forms of T. cruzi was confirmed using different
types of cells, including human coronary artery smooth muscle
(CASM) cells, peritoneal macrophages, DCs, cardiac fibroblasts,
and Hela cells (Kleshchenko et al, 2004; Vray et al, 2004;
Machado et al.,, 2014; Souza et al., 2017a,b; Chain et al., 2020). By
treating CASM cells with galectin-3 antisense oligonucleotides,
the attachment of T. cruzi diminished dramatically, and this
effect was reverted when recombinant galectin-3 was added
to the culture media (Kleshchenko et al., 2004; Chain et al,
2020). Exogenous galectin-3, which is secreted by the same
cells, could bind glycans present on the surface of both the
parasite and human CASM cells in a lectin-like manner. These
data indicate that the autocrine action of galectin-3 is essential
for parasite attachment and invasion to host cells. However, a
similar experimental approach used in previous studies was not
successful at demonstrating that adhesion of trypomastigotes to
spleen-derived murine DCs line D2SC-1 requires expression of
galectin-3. In fact, D2SC-1 cells stably transfected with galectin-3
antisense revealed no differences in the percentages of infected
cells or in the number of amastigotes per cell compared with
its WT counterpart. The rationale behind this discrepancy was
mainly based on the fact that de novo synthesis of galectin-3
might occur during the experimental procedure. The authors
then moved forward to show that the expression of galectin-3, as
well as galectin-3-specific ligands, was upregulated in splenic DCs
isolated from BALB/c mice infected with trypomastigotes (Vray
et al., 2004). These findings supported the notion that T. cruzi
infection can modulate lectin expression using both in vitro and
in vivo experimental models and could have a direct effect on the
capacity of parasites to migrate and attach to host cells.

Of note, T. cruzi also enhanced the expression of
other components of the ECM, such as laminin y-1 and
thrombospondin. By taking advantage of bioinformatics
approaches and using these proteins together with galectin-
3 as seed nodes, Cardenas et al. (2010) constructed an
interactome network highlighting how T. cruzi could modulate
the human ECM to facilitate cellular infection and trigger disease
progression during the early phase of the infection (Nde et al.,
2012). However, experimental models of chronicity spilled over
the idea that galectin-3 was modulated only during the early
stages of infection. In fact, galectin-3 was found to be upregulated
in macrophages of the inflammatory infiltrate in hearts from
C57Bl/6 mice for a total of 8 months post-infection (Soares
etal, 2011). The expression of galectin-3 returned to basal levels
of naive mice when chagasic animals were injected with bone
marrow cells or were treated with granulocyte colony-stimulating
factor (Soares et al., 2011; Vasconcelos et al., 2013). In both cases,
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reduction of this lectin was associated with a recovery of heart
tissue, lower inflammatory responses, and attenuated fibrosis.
Accordingly, T. cruzi also induced elevated levels of galectin-
3 in the thymus and modulated the functionality of thymocytes.
Infection of BALB/c mice with the blood-derived T. cruzi
parasites of the Colombian strain induced upregulation of this
lectin in both the cortical and medullary compartments of the
thymus. In addition, galectin-3 was also found to be increased
in the cytoplasm of the CD4%/CD8" thymocytes and fostered
the migration of this cell subset to peripheral lymphoid organs
secondary to parasite infection (Silva-Monteiro et al,, 2007).
Similarly, the expression of galectin-3 was upregulated in T. cruzi-
infected mesenchymal stromal cells, which are multipotent stem
cells with the capacity to differentiate into mesoderm-derived
cell lineages, such as chondrocytes, osteocytes, and adipocytes
(Souza et al., 2017a). In further studies, it would be interesting
to investigate whether galectin-3 helps to “hide” the parasite in
tissues where immune responses are not fully active.
Remarkably, the role of galectin-3 during T. cruzi infection
is not restricted to modulation of cellular attachment, as it also
extends to invasion and intracellular trafficking of the replicative
form of the parasite in mammals (Machado et al., 2014; Chain
et al., 2020). Immunofluorescence staining showed recruitment
of galectin-3 at sites of parasite entry using different cell types, i.e.,
peritoneal macrophages from C57BL/6 mice, mouse embryonic
fibroblasts, and breast carcinoma cell lines (SKBR) cells. After
6 h post-infection, galectin-3, but not the lysosomal membrane
proteins (LAMP)-2, was found to be accumulated around T. cruzi
amastigotes, supporting the notion that this lectin encloses the
parasite that has recently lysed the phagolysosome and escaped
to the cytoplasm (Machado et al., 2014). The recruitment of
galectin-3 in the lysed vacuoles was first described in cells infected
with Gram-negative and Gram-positive bacteria, forming the so-
called galectin-3-containing structures (Paz et al., 2010). In both
models of infection, galectin-3-containing structures depend on
the galectin-3 CRD, but this interaction seemed not to comprise
the microorganism but galactose-containing glycoconjugates
present in the membrane of the lysed vacuole (Paz et al,
2010; Machado et al.,, 2014). Mirroring these data, galectin-3,
plus LAMP-1 and actin filaments, was found around the PV
containing amastigotes and trypomastigotes in murine peritoneal
macrophages at early times of infection (Reignault et al., 2014).
However, immunofluorescence assays carried out after 96 h post-
infection showed a diminished number of parasites in cells in
the absence of galectin-3, which did not interfere with T. cruzi
escape from PV into the cytoplasm. This finding opened a
conundrum with respect to the role of galectin-3 in the process
of parasite intracellular trafficking. Moreover, recent studies
demonstrated that the stage-specific protein 4, a glycoprotein
present in the surface of amastigotes, could be involved in
galectin-3 recruitment during host cell invasion (Florentino et al.,
2018). Recently, it was reported that T. cruzi induces the cleavage
of galectin-3 through different parasite proteases, including
Zn-metalloproteases and collagenases, rendering a truncated
form of the lectin, which retains an intact CRD but impedes
its oligomerization. This phenomenon raised the question of
possible causes and mechanisms through which T. cruzi affects

lectin structure. Pineda et al. (2020) demonstrated that parasite
death induced by long-term interactions between galectin-3 and
T. cruzi is avoided by cleavage of the lectin N-terminal domain.
Through this mechanism, the parasite likely counteracts galectin-
3-driven immunity and host microbicidal activity, highlighting
a possible strategy developed by parasites to survive inside
mammalian hosts (Pineda et al., 2020).

There is ample evidence stressing the role of galectin-3 in
immune responses mounted during T. cruzi infection and the
outcome of cardiac alterations. This lectin was found to be highly
expressed in B cells isolated from BALB/c mice infected with
T. cruzi (Acosta-Rodriguez et al., 2004). This elevated expression
was also detected when resting B cells were activated in vitro
with different stimuli, such as lipopolysaccharide and F(ab’)2
anti-p and anti-CD40 antibodies, reaching a maximum effect
after a long period of incubation. In both cases, galectin-3 was
upregulated in the presence of IL-4, a cytokine that favored B cell
survival and the generation of a memory phenotype (Rothstein
etal., 2000; Acosta Rodriguez et al., 2003). However, IL-4 activity
was abolished when the synthesis of endogenous galectin-3 was
interrupted, clearly demonstrating the existence of a mechanism
of cross-talk between IL-4 and galectin-3 in the context of
acute Chagas disease. Thus, endogenous galectin-3 could serve
as a possible mechanism used by the parasite to evade B cell
responses. In this regard, inhibition of endogenous galectin-3
during acute T. cruzi infection reduced parasitemia by promoting
plasma cell formation and secretion of immunoglobulin (Ig)M
and IgG (Acosta-Rodriguez et al., 2004).

Interestingly, infected Lgals3~/~ mice showed a drop in
serum levels of Thl and Th2 cytokines, including IFN-y, IL-
2, IL-5, IL-6, IL-10, and TNF, compared with WT mice; these
differences were significantly pronounced at 14 days but ceased
at 28 days post-infection. Also, the expression of IL-5, IFN-
v, and TLR4 was also significantly diminished in splenocytes
of galectin-3-deficient mice. These data, which correlated with
the increase in parasitemia, demonstrated that galectin-3 is
involved in the initial anti-T. cruzi response that connects
innate and adaptive immunity. In line with these findings, this
lectin favored the occurrence of cardiac alterations, as hearts
from Lgals3~/~ mice showed fewer inflammatory infiltrates and
prominent signs of fibrosis. Of note, this effect was accompanied
by increased parasitemia in the absence of parasite load. Delving
into antigen-presenting cell functionality, a lower activation state
was evidenced by a reduced expression of the co-stimulatory
molecule CD80 and decreased IL-1 and TNF-a production after
in vitro infection with the parasite. As Tlrl and Tlr4 messenger
RNA levels were also affected in Lgals3~/~ DCs, one might
speculate that endogenous galectin-3 controls DC responses by
interacting with these receptors. Overall, these findings support
the notion that galectin-3 is associated with the outcome of heart
injury and inflammation in the context of T. cruzi infection
(Pineda et al., 2015b).

It is important to emphasize that, similar to galectin-1, the
parasite strain used is clearly a relevant factor that governs
host-parasite interplay and should be clearly specified in all
studies performed. Thus, by exploring the development of cardiac
alterations in the murine infection and its association with
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galectin-3 expression using different human isolates of T. cruzi
fitting with DTUs I, V, and VI, only animals infected with the
former strains developed moderate to severe myocarditis (Ferrer
et al., 2014). Immunohistochemical analysis revealed that the
myocardial fibrotic areas correlated with higher expression of
galectin-3, suggesting a role of this lectin as a putative marker
of cardiac progression in Chagas disease (Ferrer et al., 2014).
In addition, specific binding of galectin-3 changed among the
different life stages of the parasite and also among the six lineages
analyzed, probably due to dissimilar glycoconjugates decorating
T. cruzi cell surface (Pineda et al., 2015a).

A widespread study using animal models and human settings
underscored the involvement of galectin-3 in the development
of heart disease at the chronic stage of Chagas disease. Souza
et al. (2017a) confirmed in an experimental murine model
that T. cruzi induced galectin-3 expression in the heart and
favored the recruitment of infiltrating inflammatory cells at
day 30 post-infection, whereas signs of fibrosis appeared after
180 days of the prime infection. Interestingly, the expression
of galectin-3 was not limited to CD3" T cells but was also
verified in macrophages and fibroblasts. In the latter, both
exogenous addition of galectin-3 and its silencing demonstrated
that this lectin promotes cellular proliferation via its CRD. Even
more, treatment with N-acetyl-D-lactosamine in mice chronically
infected with T. cruzi did not improve their cardiological
performance but significantly reduced inflammatory infiltrates
and fibrosis (Souza et al., 2017b). These effects were accompanied
by a considerable reduction of pro-inflammatory cytokines,
such as TNF and IFN-y, transcription factors associated with
development and regulation of adaptive immune responses
including T-bet (Th1), GATA-3 (Th2), and FoxP3F (Tregs), and
modulation of chemokines including chemokine ligand 8 (CCL8)
and the chemokine receptor 5 (CCR5), compared with untreated
infected animals. However, IL-10 messenger RNA levels were not
altered when compared with naive mice. Explants of heart from
chronic cardiac patients obtained during transplantation also
extended previous observation regarding galectin-3 expression
in the inflamed areas of this tissue. This study demonstrated
the critical roles of galectin-3 in the progression of Chagas
cardiac pathology, highlighting its potential role as a therapeutic
target in the management of the disease. In this sense, the use
of compounds such as 1,2,3-triazole arylsulfonamide-derived-
3-O-galactosides, which inhibit galectin-3, diminished T. cruzi
invasion of LLCMK?2 cells, a cell line derived from monkey kidney
epithelial cells (Marchiori et al., 2017).

Studies in WT and galectin-3 knockout Swiss mice during
the acute infection with T. cruzi Y strain contributed to
unveiling the effect of galectin-3 in the modulation of serum
cytokines. Although IFN-y and TNF were elevated in the
Lgals-3~/~ animals, upregulation of IL-4, IL-6, IL-10, and IL-
17 were also evident at 15 days post-infection, inducing a
shift toward Th17 and Th2 responses that could be explained
by mechanisms involving galectin-3 modulation of the innate
immune response during T. cruzi primo-infection (Chain et al,,
2020). Noteworthy, the lack of galectin-3 led to a drop in
systemic parasitemia and increased mouse survival. This study
suggested that murine models of infection involved a higher

parasitic Y load when compared with those used by Pineda
et al. (2015a), whereas da Silva et al. (2017) used another
T. cruzi strain. Furthermore, this investigation revealed the role
of galectin-3 in cell survival by demonstrating that parasite-
infected peritoneal macrophages or Hela cells required this lectin
to escape apoptotic cell death. Infected galectin-3-depleted cells
showed not only loss of mitochondrial membrane potential but
also an increase in caspase-3 activity and elevated proteolytic
processing of poly (ADP-ribose) polymerase after 4 and 8 h post-
infection (Pineda et al., 2015b; da Silva et al., 2017; Chain et al.,
2020). In line with these findings, chronically infected Parp1~/~
mice showed lower levels of galectin-3, along with additional
markers of fibrosis such as transforming growth factor-p and
vimentin in heart-resident CD68" macrophages, compared with
their WT counterparts (Choudhuri and Garg, 2020). Hence,
a signaling pathway connecting galectin-3 with poly (ADP-
ribose) polymerase seems to be involved in the apoptotic and
fibrotic processes occurring in cardiac tissue during T. cruzi
infection. Finally, da Silva et al. (2017) also showed, using an
infection model of the T. cruzi CL strain, that the absence of
galectin-3 increased the replication of intracellular parasites in
mouse peritoneal macrophages and cell lysis while augmenting
blood parasite levels and reducing mast cell recruitment to the
heart (da Silva et al., 2017). The discrepancies found among
different reports emphasized the critical relevance of parasite
strain and doses, inoculation routes, and acute versus chronic
murine models of T. cruzi infection.

When the impact of galectin-3 on digestive manifestations
of chronic T. cruzi infection was studied, it was observed that
the myenteric plexus ganglia in biopsied fragments of the colon
from patients with megacolon presented higher expression of
galectin-3 along with galectins-1 and 9 (Beghini et al., 2017).
A recent study confirmed this observation revealing an increased
number of cells expressing galectin-3 that are associated with
major staining of collagen type I and type III in tissue areas,
suggesting the occurrence of ganglionitis and myositis, two
pathological traits implicated in this process. Although galectin-
3 was mainly upregulated in the group of patients presenting
megacolon with intact intestinal mucosa but not in those with an
ulcerated intestinal mucosa and/or mucosal hypertrophy, it has
been proposed that this lectin could be a key factor implicated
in the progression of colon pathology in the context of Chagas
disease (Garvil et al., 2020). Thus, galectin-3 controls not only
parasite infection and immune responses but also cardiac and
digestive pathology.

OTHER GALECTINS IMPLICATED IN
Trypanosoma cruzi INFECTION

Despite significant evidence demonstrating the role of galectins-1
and 3 during T. cruzi infection, the role of other members of the
galectin family in the context of Chagas disease is still uncertain.

In a comprehensive study focused on the interaction between
human galectins and the three forms belonging to the six DTUs
of T. cruzi, Pineda et al. (2015b) showed, using the Y strain,
that galectins-7 and 8 bound mainly to trypomastigotes, whereas
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galectins-1 and 4 presented higher affinity for amastigotes.
Interestingly, only galectin-7 showed the binding capacity to
epimastigotes, the non-infective T. cruzi stage (Pineda et al,
2015b). Moreover, these differences were not only observed
among the genetic lineages of the parasite but were also evident
among the diverse strains within them. Galectin binding to
T. cruzi was disrupted in the presence of lactose, highlighting
the relevance of the CRD in galectin—parasite interaction. These
findings demonstrated that the glycan profile exposed on the
parasite surface varies during its life cycle, suggesting that it could
be one of the mechanisms used by the parasite to survive in
invertebrate and vertebrate hosts. Like galectin-3, the majority
of tested galectins, mainly galectin-8, fostered adhesion of
trypomastigotes to different cells lines, including THP-1 (human
monocytic cells), LLC-MK2 (rhesus monkey kidney epithelial
cells), CaCo (human colorectal adenocarcinoma cells), and HL-
1 (cardiac myocyte cells). Particularly, parasite adhesion induced
by galectin-7 was enhanced with higher concentrations of this
lectin, suggesting the need for homodimer formation for this
effect. These results emphasize the distinct roles of different
galectins during T. cruzi infection. Thus, galectin-7, which is
mostly expressed in stratified epithelia (Advedissian et al., 2017),
could be one of the first mediators that favor the entry of the
parasite to host cells.

Galectin-8 has recently been studied in WT and C57BL/6]
Lgals8~/~ mice chronically infected with Ac strain, belonging to
DTU TecI (Bertelli et al., 2020). Lack of galectin-8 induced higher
inflammatory infiltrates, mainly neutrophils and macrophages in
heart tissue, and IFN-y production, but systemic parasitemia and
survival rate remained similar. Of note, galectin-8 was increased
in the heart of infected WT mice (Bertelli et al., 2020). These
findings highlight the anti-inflammatory role of galectin-8 in
chronic T. cruzi infection.

Finally, galectin-9 was found to be upregulated in biopsy
fragments of the colon from patients with chronic Chagas disease
presenting megacolon (Beghini et al., 2017).

Thus, despite a major role for galectins-1- and 3 in Chagas
disease, galectins-7, 8, and 9 have also been shown to control
anti-parasite immunity and modulate tissue damage.

CONCLUSION AND FUTURE
DIRECTIONS

Galectins play decisive roles during the life cycle of T. cruzi.
Whereas most studies have focused on the role of galectins-
1 and 3 in parasite adhesion, invasion, immune evasion, and
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of individual members of the galectin family for different glycans,
further work using glycan array technologies (Arthur et al., 2014)
should be performed to dissect biochemical determinants of
T. cruzi-galectin interactions. Furthermore, the prognostic value
of soluble galectins and anti-galectin autoantibodies in sera from
patients with Chagas disease should be confirmed in a larger
cohort of patients. Finally, given the design of selective galectin
inhibitors (Cagnoni et al., 2016), the therapeutic activity of these
antagonists should be evaluated in preclinical models of Chagas
disease and further validated in in vitro settings of infection of
human cells with the ultimate goal of finding new treatments for
this neglected disabling disease that affects more than two to three
million people worldwide.
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The small intestine is a digestive organ that has a complex and dynamic ecosystem, which
is vulnerable to the risk of pathogen infections and disorders or imbalances. Many studies
have focused attention on intestinal mechanisms, such as host-microbiome interactions
and pathways, which are associated with its healthy and diseased conditions. This review
highlights the intestine models currently used for simulating such normal and diseased
states. We introduce the typical models used to simulate the intestine along with its cell
composition, structure, cellular functions, and external environment and review the current
state of the art for in vitro cell-based models of the small intestine system to replace animal
models, including ex vivo, 2D culture, organoid, lab-on-a-chip, and 3D culture models.
These models are described in terms of their structure, composition, and co-culture
availability with microbiomes. Furthermore, we discuss the potential application for the
aforementioned techniques to these in vitro models. The review concludes with a summary
of intestine models from the viewpoint of current techniques as well as their main features,
highlighting potential future developments and applications.

Keywords: small intestine, in vitro model, ex vivo model, 3D culture, disease model, intestinal glycans, host-
microbiome interaction

INTRODUCTION

The small intestine is a key part of the digestive system that has critical roles essential for sustaining
life. It plays crucial roles in food digestion and nutrient absorption, as well as homeostasis maintenance
via host-microbe interactions. The small intestine has a long tubular structure of 6m-7m in
length and an inner diameter of 3cm-4cm. The inner side of the small intestine, called the
lumen, is an epithelial cell layer whose microstructure consists of villi and the basal crypt. Moreover,
the small intestine has a large surface area around 250m? thus, its vast microstructure area
enhances the efficient absorption of a wide range of smaller molecules that result from the digestion
of macromolecules in the stomach, ie., amino acids from proteins, sugars from polysaccharides,
glycerol, and short-chain fatty acids from lipids, etc. (Biernat et al, 1999; Sokolis and Sassani,
2013). Gut intestines are complex ecosystems under anaerobic conditions that include a variety
of microorganisms and are rich in nutrients. Such human gut microbiota are relevant to human
health and pathogenesis (Tuddenham and Sears, 2015; Hillman et al., 2017; Shortt et al., 2018).

Gut microbiomes predominantly consist of bacterial genera, including Faecalibacterium,
Roseburia, and Bifidobacterium, even though other main groups of microorganisms, such as
archaea, fungi, protozoa, and viruses, can be observed (Bédard et al., 2020). These microbiome
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consortia can uptake or metabolize exogenous dietary substrates
in the gut and convert them into valuable metabolites; notable
examples are bile acids, short-chain fatty acids, branched amino
acids, trimethylamine N-oxide, tryptophan, and indole derivatives.
These microorganisms can also utilize endogenous host
compounds, mucins, and other glyco-conjugates derived from
gut intestines.

Mucins are O-linked glycan-attached glycoproteins secreted
from goblet cells and anchored to the intestinal epithelial layer.
Heavily glycosylated mucins have unique properties, such as
viscoelasticity. The gel-forming mucin glycan covers the whole
intestinal lumen in a thick mucus layer. They mask the host
epithelial cell layers and block pathogenic microorganisms that
are potentially responsible infection. Thus, these glycan layers
protect epithelial cells from harsh gut conditions as well as
many infectious microorganisms. On the other hand, these
branched glycoconjugates can also facilitate niches for gut
microbiomes. Glycoconjugates on the host cell surfaces are
used by a variety of pathogenic microorganisms as infectious
mediators for attachment and invasion. Furthermore, bacterial
glycosidases and glycosyltransferases can modify the host surface
glycans, leading to pathogenicity. Therefore, several types of
O-glycan-decorated mucins in gut intestines are considered to
be cause of glycan-mediated infection resulting from interactions
between the host and microbiomes (Ziegler et al., 2016).

Gut microbiota, in both humans and animals; interact directly
with the host by the production of a diverse reservoir of
metabolites obtained from exogenous or endogenous substances.
Examining intestine homeostasis between the gut microbiota
and the host immunity is a key factor in assessing the health
status of a body. Moreover, the role of gut microbiota in
immune homeostasis and autoimmunity has been intensively
studied to evaluate the interaction of microbial communities
and the host immune system for understanding pathogenesis
and related diseases as well as for developing novel immuno-
or microbe-based therapies. However, various exogenous/
endogenous conditions would be influent to dramatically alter
the profiles of microbes and their metabolites, making their
impact on host health status change. Therefore, the interactions
between the hosts’ cells and microbiomes have been studied
using in vitro and ex vivo models instead of animal models.
Nowadays, in vitro or ex vivo intestinal models are established
and utilized to evaluate host-microbiome interactions. In this
review, we describe the current emerging technologies of in
vitro and ex vivo intestinal models adopted in place of animal
intestinal models (Figure 1). We also discuss their benefits
and the future perspectives for the development of gut-mimetic
models for bacteria-gut epithelium interactions.

ROLES AND CHARACTERISTICS OF
THE INTESTINE

The gastrointestinal tract (also referred to as the GI tract, GIT,
digestive tract, digestion tract, and alimentary canal) extends
from the mouth to the anus, with the intestine being the long,
continuous tubular organ responsible for digestion and absorption.

It mainly comprises the small and large intestine, where each
is divided into three parts, according to their main roles and
structures, as duodenum, jejunum, and ileum (Lopez et al., 2020).

Starting at the duodenum and ending at the ileum, dietary
substrates are digested by enzymes to obtain nutrients. Proteins
are digested by trypsin, chymotrypsin, and additional enzymes
to obtain amino acids. Fat is emulsified and transformed into
micelles by bile salts and lecithin. Most nutrients are absorbed
from the small intestine, which has a large surface area, then
transferred to blood vessels and delivered to the liver or other
organs. Subsequently, undigested and unabsorbed residues are
transferred to the large intestine.

As described above, the intestine is an organ designed to
digest food and absorb digested residues, including nutrients
and moisture. The intestine is the largest organ in the body,
almost 6m-7m in length in adults, and is tightly packed into
the abdominal cavity. The length plays a role in maximizing
the residual time for the whole volume of digested residue
passing through the intestine to facilitate the complete absorption
of nutrients and moisture. Moreover, the intestine is its ripples,
consisting of villi and crypts, which maximize the surface area
to increase the absorption efficiency in a limited volume. Crypts
are the indented parts of the ripples, composed of stem cells
and transit amplifying cells, while the villi are the protruding
parts, composed of differentiated cells, including enterocytes,
goblet cells, and endocrine cells. In addition, the microvilli
are high-density, small hair-like cellular structures on the villi,
which increase the surface area (Biernat et al., 1999; Sokolis
and Sassani, 2013).

The intestine interacts directly or indirectly with gut
microbiota, which can metabolize digested substances catalyzed
by secreted bacterial enzymes. These intestinal microbiota and
their metabolites can influence to host metabolism through
the regulation of various cellular mechanisms in the organ
(Martin et al., 2019). On the other hand, for the homeostasis
and maintenance of intestinal tissue, a defense system is needed
to prevent pathogenicity via microbial invasion. Harmful external
pathogens are primarily sterilized when passing through the
stomach. Nevertheless, the intestinal tissue would be still at
risk for infection due to potential pathogens present in the
gut organs. To overcome risk, intestinal tissues produce self-
defensive substances called mucins, glycoproteins, for the defense
system against infectious diseases.

Goblet cells sparsely located among enterocytes secret mucus
composed of many different molecules, with mucins forming
the basic skeleton (Birchenough et al., 2015; Johansson and
Hansson, 2016). Mucin consists of a group of transmembrane
and gel-forming proteins with high O-glycosylation. The
glycosylation consists of O-linked oligosaccharides (glycans),
including mainly N-acetylgalactosamine (GalNAo),
N-acetylglucosamine (GIcNAc), galactose (Gal), fucose (Fuc),
and a terminal sugar sialic acid (Sia). The polypeptide backbones
for mucin have a serine or threonine residue and
N-acetylgalactosamine attached to the residue for initiating
O-linked  oligosaccharide  elongation. ~These  O-linked
glycoconjugates stretch out in high density and have strong
viscoelastic properties (Figure 2).
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Organoid device
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FIGURE 1 | Overall scheme of experimental model. Conventional 2D culturing is rather simple and has high productivity, but application is limited to target
treatment experiments. In the Transwell system, the culture area is floated into the media and can simulate mass transfer or other activities. Many models try to
simulate specific functions or structures using complex techniques, such as organoid differentiation, microfluidic devices, 3D scaffold fabrication, tissue engineering,
etc. In animal models, the body represents a complete model, but there are problems with observation and ethical issues. In general, with increased complexity, the

similarity of the model also increases.

Mucin forms a gel-like structure and covers the entire surface
of the gastrointestinal tract. More than 20 types of mucins
have been observed. Among them, MUC2, MUC5AC, MUC5B,
and MUC6 are secreted form for the mucus layer of the
intestine. Mucin anchors to the cell surface, is secreted into
the lumen, or is taken up through ingestion to sustain its
levels and status. Therefore, susceptibility to infection or pathogen
invasion depends on the presence of the glycan anchoring
site, where pathogens will adhere. Thus, glycans can reduce
infection susceptibility by acting as receptor decoys, because
they are in contact with but not directly attached to the
epithelial tissue. This is one of the main characteristics of the
epithelial tissue of the intestine and lung, and the presence
of mucin not only secures the robustness of the epithelial
tissue but also directly affects the mass transfer (Devine and
McKenzie, 1992; Linden et al., 2008; Grondin et al., 2020).

TYPES OF INTESTINE MODELS

In vivo Model

There are several ways in which the intestinal environment
status can be altered abnormal for the construction of a disease;
this is a physiological approach that is used in conjunction
with other methods. While rodent models have been especially
important in promoting a mechanistic understanding of human
diseases, there are cases where it is scientifically appropriate
to use large animals. Various species are used for in vivo
models, such as murine, other rodents, canids, swine, and
monkeys, and each has its own advantageous features as a
model (Hugenholtz and de Vos, 2018). Among those species,
rodents, especially murine rodents, represent an important
species for intestinal modeling, as the human intestine

microstructure is almost completed replicated in the rodent
intestine, and achieving this degree of replication is difficult
using cell cultures.

Even though there are advantages to using animal models,
they do not fully simulate the human intestine and there are
risks involved. Rodents have similar microbial species to the
human intestinal ecosystem, but the proportions of those species
are vastly different. For this reason, even though the rodent
model is valuable as a primary preclinical model, a direct
comparison to the interaction or disease relationships between
the intestinal microbiome and intestinal tissues in humans is
problematic. The differences between animals and humans are
also apparent when considering other aspects; for example,
the ecosystem differs between humans and rodents not only
in terms of the population but also the composition of the
digestive residue, because most digestive residues are used as
metabolites of the microbiome and are converted to small
molecules or bioactive molecules, such as short-chain fatty
acids, glycerol, etc. Therefore, direct comparisons between
humans and animal models are not necessarily valid, and an
alternative model that can effectively control these factors is
required (Xiao et al., 2015; Hugenholtz and de Vos, 2018).

The animal model is a traditional and conventional platform
that is used when biological data are needed from specific
organs in complex environments. As a model, it has a complete
network and structure; however, methods for preparing animal
models require more concentration and a longer preparatory
period than for in vitro models is required to complete and
maintain a specific status prior to experiments, as
mentioned above.

Models of the intestine are essential for research on enteric
pathogens. The mechanism of interaction between foodborne
pathogens, mammalian hosts, and intestinal microflora remain
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FIGURE 2 | Functions and compositions of intestinal glycan (mucin). A mucus layer covers the intestinal lumen. This thick layer prevents the epithelial cell layer from
invading microbes. Glycan entraps pathogens and infectious microbes in its dense O-linked oligosaccharide chain.

largely unknown, including the mechanism of microbial
attachment and crosstalk with the host epithelium and the
preventive and curative effects of probiotic bacteria.

Various experimental models have been developed for clinical
studies and animal models have typically been employed. In
those models, germ-free mice were widely used as an in vivo
model experimental system to understand the underlying
mechanisms and estimate human mechanisms.

Although the traditional animal model offers a good standard
model for biomedical studies, including studies on cellular
signaling pathways, potential drug candidates, and the design
of drugs for probiotic healthcare and infectious disease, it has
obvious disadvantages. First, the intestines of animals cannot
completely mimic the human intestine. For example, Cao et al.
(2006) found that a rat model could not completely simulate
the drug metabolism and oral bioavailability of humans based
on differences in the underlying molecular mechanisms
(Stappaerts et al, 2015). Large deviations were observed in
the animal models, and it was challenging to reproduce the

obtained results. Therefore, it was difficult to determine the
relevance of clinical data and any physiological results in the
host (Clancy, 2003; Suntharalingam et al., 2006).

There is also criticism among scientists that mechanistic
approaches between animal and human models are insufficient.
Not only are there differences in metabolism, but physiological
differences also occur in incomplete simulations with animal
models. For example, some pathogens or viruses only infect
certain species or induce symptoms, which is an especially
serious limitation for an intestinal model being applied in
host-microbiome research. Given these differences, it is not
always possible to create a suitable model for the intestinal
pathogens and gut environment of humans. The gut microbiome
is a complex microbial group, and each species has a unique
profile, which applies not only to common and benign
microorganisms but also gut pathogens, which can vary in
terms of microbiome or species. For example, the gut bacterium
Listeria monocytogenes cannot infect rodent species, due to
metabolic differences between humans and rodents. When
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fully simulating L. monocytogenes infection, the microbe
should mediate cell extrusion of the enterocyte. For cell
extrusion, the adherens junction of the enterocyte is targeted
by L. monocytogenes, with InlA/E-cadherin playing a role in
L. monocytogenes transcytosis. However, the interaction between
InlA and E-cadherin of the non-permissive hosts (i.e., mouse
and rat) is not sufficient to simulate the interaction in humans,
which is a kind of permissive hosts. It would be necessary
to modify transgenic mice with humanized InlA to fully
simulate listeriosis in humans including InlA-mediated
transcytosis or translocation (Drolia et al., 2018; Drolia and
Bhunia, 2019). Therefore, rodent intestinal models are not
suitable for studying the infection of listeriosis fully, which
is a serious infectious disease in humans. Even though there
is another model using oral infection of mice and it showed
that L. monocytogenes expressing murinized InlA (InlAm)
with a high affinity for E-cadherin, but it excludes InlA-
mediated transcytosis or translocation. It is a weakness of
animal model that it needs additional modifications, and
verifications to replace humans. Additionally, in many cases,
these animal models show a part of whole mechanisms. In
this sense, an organism is an aggregate of complex networks
and systems and, if even a single phenomenon occurs
differently, it is hard to predict the result and analyze it
mechanistically using other species. Indeed, many studies
have identified several biological responses that are specific
to humans and cannot be simulated in models of other
animal (Shanks et al., 2009).

Further, it is expensive and time-consuming to obtain reliable
results regarding human responses and physiology using in vivo
models from other animals. For the development of in vivo
models, sufficient space and many facilities and materials are
needed for breeding experimental animals. An animal is a
complete organism with complex networks and systems that
maintains its own homeostasis. For this reason, it is impossible
to induce an immediate change in its condition for experiments.
Ideally, the animal’s condition is gradually changed, and limited
methods are available for this, which typically involve diet
regulation and compound injection over time to finalize a
specific animal model. The intestine, in particular, is the organ
with the most complex ecosystem and is directly affected by
diet. Another method is to use transgenic animal models, but
few verified models exist, and they are usually more expensive
than wild-type animals. The swine intestine has remarkably
close resemblance to that of humans and the results from this
model demonstrate good relatability to human intestine. Based
on these advantages, swine models are very widely used and
considered high quality; however, the animals are too large
and take up too much dedicated time to be used in the
laboratory. Finally, there are concerns and debates about animal
welfare, and the promotion of animal models is not in accordance
with the trend of minimizing animal use for research purposes.
With the EU leading, many societies are eager to reduce animal
experimentation in all biotechnological industries, such as
cosmetics, pharmaceuticals, and healthcare (Lunney, 2007).

To overcome the above problems and enhance experimental
availability, various models have been developed, including

ex vivo and in vitro models. With ex vivo models, we can
transfer the complexity of in vivo tissue to the laboratory.
Researchers can use the complete intestinal structure and cell
composition based on intestinal tissue segments. Human tissue
is harder to secure than animal tissue, but the advantage is
that the model can fully simulate human intestine in vivo,
and researchers can make feasible predictions for clinical trials
using the results. For example, ex vivo models are widely used
in pharmacological studies on the transport of drugs across
intestinal barriers, gastrointestinal hormones, and metabolism
(Ripken and Hendriks, 2015). In vitro intestine models could
potentially solve the problems of animal models, namely the
dissimilarity between humans and animals, the burden as a
model for laboratory use and ethical issues. First of all, in
vitro models have good human predictive power; most in vitro
intestine models are composed of human cell lines, which
mean the model can satisfactorily simulate in vivo responses.
The mechanistic approaches are sufficient to yield data that
support the interpretation of the results for in vivo states
(Cencic and Langerholc, 2010). In addition, in vitro models
are easier for researchers to use than animal models. Fewer
facilities and less equipment are required for cell cultures and
they are well standardized for repeating experiments to get
reliable data. They can be developed for ready availability and
easy handling in high-throughput testing. This is a strong
advantage for a model system in the discovery of drug candidates
and pathways of signaling and metabolism.

In vitro Model

As already mentioned, the conventional animal intestine model
has a few limitations. First of all, it is hard to achieve homogeneity
of experimental units (environments and other requirements)
because each individual has congenital characteristics, derived
from complex networks and ecosystems of the animal. These
networks and ecosystems help to achieve valuable results from
preclinical trials; on the other hand, these complex elements
are intricately related to each other, making it difficult to focus
clearly on the target in the experiment (Lu et al., 2014; Ziegler
etal,, 2016). Therefore, to ensure data reliability, more replications
are required for animal experiments than in vitro experiments.
In particular, as the intestine has the most complex ecosystem
in an animal’s body, it is hard to perform direct observation,
highlighting the limitations. In addition, the cost, time, and
ethical issues of animal experiments are always a concern
(Knecht et al., 2020; Pilla and Suchodolski, 2020).

Due to these limitations, there has been demand for the
development of in vitro models. Cell-based models are in the
spotlight as an alternative to animal models based on their
numerous advantages, including that they allow target-restricted
experimentation, direct observation, and continuous analysis.
In the case of general in vitro experiments, deviations and
noise in the experimental results can be minimized, because
researchers design the experiments with only the specific
elements they want to check. Such well-controlled and restricted
experiments can be used to derive more detailed and accurate
research results. The various intestinal models are introduced
at Figure 3 and Table 1.
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Ex vivo INTESTINE MODEL FOR
DIRECT EXPERIMENTATION

The ex vivo model is a transitional model between in vivo
and in vitro models. The model consists of whole intestine
or specific tissues and a designed culture system to prolong
its survival and activity. This model is used to obtain selective
advantages from both in vivo and in vitro models. The
advantages from in vivo models are that it has full cell type
composition; suborgans made up of groups of specific cells
(glands, vessels, etc.) and complete tissue structure and
ecosystem. Direct observation and simple treatment or
stimulation of tissues are the advantages of in vitro models.
The intestinal tissue has a tubular structure and apical
cell layer, so the inner and outer environment can
be separately controlled. Researchers can circulate and control
the inner fluid and its flow to understand the interaction
between tissue and microbiome (Westerhout et al., 2015;
Pearce et al., 2018).

However, this model requires high-level techniques for
successful culture and prolonged intestinal function. The intestine
is exposed to contaminants during the extraction process and
many microorganisms, including infectious pathogens, are also
contained in the lumen. In the case of an ex vivo model using
animal tissue, another disadvantage is that there are differences
in anatomical structure and physiological conditions, including
diet and microbiome, derived from differences among species.
The disadvantages complicate the extrapolation of data to
humans. In addition, the ex vivo model does not avoid ethical
issues, because the organs and tissue are extracted from animals
(Pearce et al., 2018).

TWO-DIMENSIONAL CULTURE MODEL
FOR SIMPLE AND FAST SCREENING

The two-dimensional (2D) model is a basic cell-based model
of culturing a single cell or multiple cells on a flat surface.
To create an intestinal model, cell lines, typically Caco-2, HT-29,
T-84, IEC, and other enterocytes, are generally used to construct
an apical epithelial layer, and additional cell lines are used to
add specific functions to the model, such as mucus secretion
and immune response. The cells are attached at the bottom
of the culture vessel, which is then filled with a medium on
the cell layer such that it is easy to initiate treatment, i.e.,
with a molecule and continuously observe the system. In this
way, the model is simple and easy to construct and conduct
experiment with, so it can be used similarly to a conventional
model in screening assays (Simon-Assmann et al, 2007;
Smetanova et al., 2011).

However, 2D cultures are not suitable for simulating intestinal
structure. The culture surface of the model is usually a flat
plastic vessel bottom, so it is hard to change the shape. In
addition, this intestinal model can be used only in limited
situations for interactions between tissue layers and
microorganisms. There is only one vessel for the culture medium,
so it is impossible to treat living microorganisms, which have
higher growth rates than inoculated animal cells, because
microorganisms exhaust the nutrients of the medium and
secrete various harmful substances into animal cells, such as
proteolytic enzymes, pathogens, etc. For this reason,
microorganisms are treated for only a few hours or are inactivated
by fixing to prevent overgrowth (Co et al, 2019). This 2D
model has a rather simple structure and configuration, so it
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TABLE 1 | Types of intestine models and their properties.

Type Origin Simulating Configuration Uniformity Methods Viability Applications Features
degree
(complexity)
Ex vivo Intestinal tissue Complete Epithelial cells, Large deviation  Intestinal rings,  Under 2h (over  Regional Relatively simple,
from animal structure, with enteroendocrine among intestinal 10days when absorption already formed
muscular layer, all  goblet cells, individuals segments, and  using biopsy mechanisms, Gl and available for
component cell Paneth cells, blood everted sac, only) hormone harvest, and hard
types and lymph vessels, using system release, and to maintain
M cells, Peyer’s drug transport
patches, and
immune cells
In vitro Cell line Low simulation Epithelial cells, Low deviation Cell culture on Continuous Gl hormone Easy to
[two-dimensional immune cells culture plate culture release, configure, limited
(2D) culture] transcriptomics,  to simulating cell
and early components,
immune structure hard to
response simulate
3D culture  Cell line Simulated cell Epithelial cells, Low deviation Cell culture on Continuous Regional Simulate
components (co-  enteroendocrine Transwell, 3D culture absorption structure using
culture), structure  goblet cells, and scaffolds mechanisms, scaffolds, ability
(scaffold), and immune cells transcriptomics, to separate areas
dimension (size) and drug
transport
Organoids  Isolated crypt Simulated cell Epithelial cells, Large deviation, Digested crypt Continuous Gl hormone Requires special
cells, stem cells  components (raw  enteroendocrine hard to control  tissue and re- culture release, skill, simulates
cell from tissue, goblet cells, suspension, transcriptomics, detailed
cell differentiation), Paneth cells, M stem cell and early structures but
parts of lumen and cells, Peyer’s differentiation immune not large
villi patches, and response structures
immune cells

is easy to use and the model composition can easily be modified,
including changing the cell line and medium component.
Because of these advantages, in vitro 2D models are widely
used, and various models have been established and are currently
being used to screen the pharmacology and toxicology of new
drug candidates.

THREE-DIMENSIONAL CULTURE MODEL
WITH TRANSWELL TO SIMULATE
in vivo STRUCTURE

The Transwell® system is a useful piece of equipment with
separate reservoirs for supplying nutrients and treatment
substances. The porous membrane housed in the Transwell
insert is located in the middle of the culture vessel, and the
vessel is divided into two reservoirs by the membrane. Therefore,
it is suitable for constructing an apical cell layer such as the
intestinal epithelial layer (e.g., intestinal lumen and blood vessel).
The Transwell model has the additional advantage of easily
simulating the intestinal structure. There is a porous membrane
in the Transwell, so cells can be organized into homogeneous
layers. From these layers, it is easy to organize models using
the Transwell with high standardization, but some characteristics
or properties of the original organ or tissue need to be simplified.
Typically, it is optimized to construct cellular monolayers and
homogeneous environments. However, in vivo tissues are

composed of three-dimensional (3D) cellular multilayers and
exist in heterogeneous or complex environments suitable for
each part of the tissue. In general, the Transwell intestine
model is used to study mass transfer and barrier functions
through cellular layers because it offers the possibility to use
on-target screening and construct a high-throughput system
by mass production, even if there are some limitations in the
representation (Ghaffarian and Muro, 2013;
et al., 2015).

To overcome these limitations, the membrane can be modified
to mimic the intestinal microstructure (especially crypts and
villi). For effective 3D culture on the membrane, several ECM-like
substrates (e.g., collagen, hyaluronic acid, hydrogel, or Matrigel®)
are often embedded with the cell line to construct the basal
cell layer. These substrates are made of a substance composed
of a tissue basement layer and have properties that represent
multi-cell layers by ensuring area-to-cell dispersion. From the
cell dispersion and multi-cell layer formation, cell-to-cell
interaction is induced and cellular function is activated in
single cells; finally, this helps cells to be organized into tissues
and affects the tissue robustness and adaptation to external
environments. The basement layer provides an adherent residue
to cells and a viscoelastic property to the tissue, finally helping
to organize the tissue into a specific structure. If a designed
scaffold is used to replace the Transwell membrane, the villus
and crypt architecture of the epithelial layer is arranged before
cell inoculation, enhancing the level of simulation of the whole
model by biofabrication (Sung et al., 2011).
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Except for structural development by basal layer construction,
the heterogeneous and complex environment is mimicked in
a modified model. First, the different kinds of cells to
be inoculated are increased in the model. In the simple
composition of cells, only those with a single phenotype are
inoculated to organize the epithelial layer, such as enterocyte-
like Caco-2 or another cell line derived from intestinal epithelium.
After this simple model, additional cells are added to enhance
the model’s degree of simulation. Mucin-secreting cells are a
typical additional cell line, such as goblet cells or goblet cell-
like cells. The mucin layer is effective in mass transfer tests
in the intestinal epithelial model and helps to represent
physiological features of in vivo intestinal tissue. To more closely
mimic cell type diversity, stem cells or precultured organoids
are inoculated in the Transwell (Costa and Ahluwalia, 2019).

In order to focus more on physiological and immunological
causes, immune cells are used as candidates for additional cell
lines. When using the Transwell, immune cells are cultured
in a chamber on the side opposite to the apical cell layer.
The immune cells, typically dendritic cells, are dispersed into
the chamber or cell layer and migrate depending on the immune
response. When using this Transwell model, pathogen candidates,
microbiome, and various intestinal substrates are treated to
assess the susceptibility to infection and stimulation of the
immune system. To investigate host-microbe interactions in
the advanced model, not only cells of human origin but also
microorganisms are used for co-culture in the apical chamber.
A semipermeable membrane that mimics the intestinal epithelial
layer separates the reservoir, and microbes are inoculated at
the apical chamber, thus resulting in an in vitro representation
of the complex in vivo ecosystem.

Apart from cell type diversity, the external environment of
the in vivo intestine can be simulated by supplying various
supplements. ECM components can be supplemented to support
the basal layer, such as certain proteoglycans and fibrous proteins
(collagen, elastin, fibronectin, and laminin). When stem cells
are cultured, growth factors, complements, and small molecules
for the niche are supplemented to control differentiation and
maturation (Sung et al., 2011). This type of advanced Transwell
model was developed to overcome the excessive simplification
and reductionism of earlier models, resulting in a more complex
system that may recapitulate in vivo physiology more accurately
but with disadvantages in terms of cost, culturing difficulty
and reproducibility.

LAB-ON-A-CHIP FOR SIMULATING
INTESTINAL ECOSYSTEM

The purpose of the lab-on-a-chip, a type of microfluidic device,
is to simulate the target tissue as closely as possible within a
limited area; it was developed to achieve simulation at micro-
and nanoscales. The microfluidic device contains a hollow
channel less than 1mm wide with a continuously perfused
flow. The microchannel limits the volume to a microliter and
supports fine control of the fluid from nano- to microliter
scales. With the use of a peristaltic pump, the culture medium

is perfused at a constant flow rate into the microwidth channel,
forming a laminar flow in the channel, which helps in easily
estimating and controlling the fluid hydrodynamics. The
microstructure is printed using a fabricated template and a
silicon material such as PDMS; it is easy to produce using
simple protocols and with secure gas permeability for cell
cultures. The cells and media are added in the structure to
form a model. It is easy to control the culture environment
in the microfluidic device because the volume of the culture
is small, and the structure is accordingly designed (Vickerman
et al, 2008; Song et al, 2020). In addition, this model can
be designed by the researcher using silicon material, i.e., the
model has been modified for the advantages of TEER
measurement and visualization (Henry et al., 2017).

In the intestine model, this device simulates the intestine
microstructure. The channel of the device is used as the lumen
of the intestine and the medium flow into the channel is used
to represent intestinal flow. This flow rate can be regulated to
simulate intestinal flow in the lumen or shear stress on the
cell surface located at the intestinal epithelial layer, so the
channel can be inhabited by cells arranged to simulate
physiological features of a tissue or the whole organ. In the
intestinal model developed using a microfluidic device, two
chambers are constructed in the device and two air conditions
are set in each chamber. In one chamber, intestinal residue
is simulated with microorganisms or without microorganisms
and just containing metabolites, while, in the other, an
environment for animal cells that supplies the proper culture
conditions, such as media, gas, etc., is realized. Finally, a cell
culture layer is placed between the two chambers to simulate
the intestinal structure (Giusti et al., 2014).

Even though there are many advantages, the microfluidic
chip is too small and fine and can only deal with a small
volume, so it is hard to produce a chip that can be stable
and provide fine control during the whole culture period. A
microfluidic chip of human intestine has a more complex
structure and conditions in terms of intestine-specific
microstructure (villi and crypts), so the challenges are more
apparent in the model. To overcome these challenges, computer
techniques are widely applied in microchip fabrication (e.g.,
soft lithography) and lumen flow control. This fine control is
a typical advantage of the microfluidic chip to manipulate
luminal components, such as microbes, nutrients, drugs, or
toxins. In response to these challenges, the aim of various
studies has been to enhance the complexity of the intestinal
simulating microfluidic chip by focusing on the production
of mucin, the unidirectional flow, and the cocultivation of
mammalian and microbial cells without contamination (Workman
et al, 2017; Bein et al., 2018). Accordingly, several designs of
the microfluidic chip have been ideated, such as two-channel,
ex-vivo, multichannel, and gut chip.

Recently, the complexity of microfluidic chips simulating
the intestine has increased with the application of tissue
engineering techniques. The model has been developed in the
direction of including additional neighboring channels for
surrounding environments, such as microvessels, immune cells,
and pathogenic substrates. In some studies, these subchannels
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are used to generate mechanical stress in the cell culture
chamber and are applied to mimic peristaltic deformations of
the in vivo intestine using peristaltic pumps. Recently, Don
Ingber’s group focused on reproducing intestinal characteristics
on a microfluidic chip using the two-channel microfluidic chip,
which has two channels parallel to the porous membrane. The
intestinal epithelial structure was constructed on the membrane.
Based on this model, they developed additional elements, such
as the mechanical intensity to applied to the model, cocultivation
of mammalian and microbial cells, etc. (Kim et al., 2016).

Based on those studies, the technologies and designs of
microfluidic organ-on-a-chip models have undergone dramatic
development, making this the most industrialized type of
intestinal model. This model is used in scientific discovery,
preclinical evaluation, and safety assays. There are many suppliers
for these high-simulated microfluidic devices known as
microphysiological ~ systems  (MPSs). However, many
pharmaceutical companies have been worried about the
availability and reliability of MPSs compared to conventional
proven processes. Recently, there has been a sharp increase
in MPS examples, including novel designs and concepts in
the literature. Following those studies, companies have been
increasing their production of the model slowly but steadily.
Among the major suppliers are Emulate, MIMETAS, TissueUse,
Wyss, and AIST (Marx et al., 2020).

As mentioned above, the advantages of the microfluidic
device are its very high degree of simulation rate and uniformity.
Recently, a model was developed to expand on its capabilities
with additional functions to mimic the in vivo intestine. However,
the size of the model is extremely limited, and it is not easy
to increase its productivity, so there are limits to its use as
an assay model. For these reasons, most of the past microfluidic
intestine models had their own standards in individual academic
labs, so their results and reliability may be too varied to share
and collect as big data. These limitations of the model may
be resolved by recently emerged companies that will
commercialize the technology through scale-up manufacturing.
Nonetheless, trials must be conducted before the microfluidic
intestine model becomes a tool commonly used in academic
and industrial research laboratories.

ORGANOID

Organoids are cellular aggregates with a spherical shape that
include aggregates of stem cells and cell groups with diverse
cell types extracted from tissues. Stem cell-derived organoids
are formed by embryonic or pluripotent stem cells and construct
spheroid-like cell masses. After cell mass formation, various
supplements, including complement and signaling molecules
for cellular niches, induce the differentiation and maturation
of stem cells into intestinal tissues to generate similar tissues.
Cell-extracted organoids are recovered from in vivo intestinal
tissue and single cells are obtained from the tissue through
enzymatic digestion. Organoids are formed by inoculating the
obtained cells into ECM components, Matrigel®, or a researcher-
designed scaffold. The general form of the organoids is a spherical

cell mass, and the features of intestinal enterocytes are expressed
at the inner wall of the spheroid. An empty space (lumen) is
created in the center in a form surrounding the cell layer. The
advantage is that intestinal organoids, through self-organization,
represent typical features of in vivo tissue, such as 3D structures
and microstructures. A highly curved epithelium structure is
self-organized by crypts and villi, similar to in the in vivo
intestinal epithelium. Organoids are organized with a central
hollow region with a curved structure, similarly to the intestinal
lumen. The apex site of a crypt consists of Lgr5+ stem cells
and Paneth cells, while the central region of an organoid consists
of differentiated cells, not stem cells (Nakamura and Sato, 2017).

The lumen is completely separated from the outside by the
cell layer, so it is used to configure and maintain an anaerobic
state. At this point, several researchers have constructed an
anaerobic state at the lumen and treated microbes by syringe
injection to simulate a highly similar intestinal environment
(Simian and Bissell, 2017). The advantages of these organoids
are that they have high reproducibility of intestinal tissue and
can be used to observe interactions with microorganisms, but
the model configuration is difficult and the uniformity is poor
for repeated experiments, which may cause problems with the
reliability of repeated experimental results. In addition, since
the size of the cell mass continues to increase according to
the culture period of the organoid, there is a limit to how
long the structure can be maintained. It is difficult to maintain
a constant steady state because the shape and environment
change depending on the culture time (Panek et al., 2018).
Specifically, self-organization is an advantage of organoids, but
quality cannot be controlled by the organoids since they are
always organized heterogeneously in terms of shape.

Furthermore, because each organoid forms a closed lumen
when cultured within the surrounding ECM gel and the cellular
layer of the organoid and the surrounding gel intersects, it can
be difficult to sample or manipulate the experimental components
(e.g., microbes, nutrients, drugs, or toxins) into the internal
lumen. Furthermore, it is hard to mimic the in vivo biomechanical
stress and lumen flow. For these reasons, the structure of the
organoid model also significantly limits its availability to study
many critical intestinal functions (e.g., mass transfer, absorption,
drug metabolism, or microbiome interaction). Despite these
disadvantages and limitations, organoids show fast growth in
applications spanning from assays to regenerative medicine. The
potential of structural self-organization and cell differentiation
make the model available as a “mini-gut,” and attempts have
been made to engraft them in mice for testing.

THREE-DIMENSIONAL INTESTINE
MODELS IN TISSUE ENGINEERING

The models mentioned above simulate the intestinal ecosystem
and particular tissue structure. The models are limited in size
to increase the simulation degree, so they have disadvantages
in terms of narrow observation and producibility. To overcome
these disadvantages, typical features of the in vivo intestine
are selected for simulation in the tissue-engineered model,
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namely microstructure, whole structure, and lumen environments.
First, the structure is simulated using a tubular scaffold,
microstructure is added using additional scaffold or basement
substances (collagen and hyaluronic acid). During construction
of the cell layer on the scaffold, the lumen environments are
controlled by lumen fluid and gas concentration, among other
parameters. In this regard, research is being conducted to
construct a model in the form of artificial tissue by fabricating
a tubular scaffold. For example, in one study, a group constructed
a tube with an inner diameter of 2mm based on silk proteins
and inoculated cells with culturing for up to 8weeks (Yin
et al, 2016). Additionally, various techniques for scaffold
fabrication are being developed, such as 3D printing, and many
researchers are designing their own tubular culture product
by applying several materials and structures.

The advantage of this type of model is that it is easy to
create and maintain an anaerobic environment on the lumen
side because it the culture environment on the inside can
be separated from the outside of the tube using the intestine
structure itself. In addition, compared to other models
(microfluidic chip and organoid), it can provide high productivity
with reproducibility, a larger tissue area, and a longer culture
period, successfully maintaining tissue structure. In addition,
it is possible to simulate the flow in the gut along the tube,
so it could be used in new experiments or even transplants.

For example, studies indicate and demonstrate various
perspectives on the tissue-engineered model at various scales.
A 3D porous silk protein scaffold, including an engineered
hollow lumen structure, was constructed (Chen et al., 2015).
The hollow lumen of the 3D scaffold was a secure region to
inoculate Caco-2 and HT29-MTX cells. At the same time,
primary human intestinal myofibroblasts (H-InMyoFibs) were
cultured in the porous bulk space, which was embedded in
collagen gel. This culture product, including scaffold and cells,
induced typical physiological responses based on the tubular
architecture and derived features, with a low oxygen level in
the lumen. The results showed secretion and accumulation of
mucous substrates on the apical epithelium of the lumen,
enabling the in vitro model to mimic the interaction with the
gut microbiome. Moreover, this 3D model demonstrated its
robustness in allowing the tissue structure, activity, and cellular
phenotype to be maintained over several months.

In other studies, PLGA scaffolds were utilized by Costello
et al. (2014) and a novel designed tubular scaffold was used
by Shaffiey et al. (2016) to evaluate the activity of intestine-
derived cells, such as cellular growth and differentiation. Recently,
researchers expanded the scope to test cellular responses in
vitro and in vivo using intestinal stem cells (with engraftment
in animal models). They reported that cells differentiated from
scaffolds into crypt-villus structures, and their colonization
was enhanced by co-culture with myofibroblasts, macrophages,
and the gut microbiome. Remarkably, the implanted scaffolds
enhanced mucosal regeneration in vivo.

Despite these advantages, there are a few disadvantages. It
is difficult to proceed with a complete culture and it is almost
impossible to observe the culture directly using a microscope
due to the thick layer. Similar to a microfluidic chip, the model

requires dedicated equipment. Moreover, the model size and
area are larger than those of conventional cultures, so there
are some difficulties in simulating and representing the intestinal
microstructure uniformly throughout the entire culture product.
The tissue model usually simulates the dimension of the intestinal
cell layer to a high degree, so it requires a thick and dense
cell layer. Due to this complexity, adding the surrounding
environments of in vivo tissue can be relatively difficult compared
to other models, such as microvessels, immune cells etc. In
addition, when microorganism co-cultures are processed, they
could possibly play a role in confining the lumen from external
air. Therefore, the required culture period is longer than that
of simple cell culture. Nevertheless, while the disadvantages
limit expansion of this technique, it is also suitable for studying
or mimicking dynamic intestinal tissue with gut microbiome.

DEVELOPMENT OF DISEASE MODELS
FROM in vitro MODELS

The intestine is characterized by having the most complex
ecosystem and dynamic environmental changes of all other
organs in the body. Nutrients and substrates are primarily
supplied, and their amounts are always dramatically changing.
Therefore, the ecosystem does not maintain a steady state, and
it is possible that events such as diarrhea, inflammatory bowel
disease, and infectious diseases occur. Such symptoms are quite
common, but they can become serious and painful (Maloy
and Powrie, 2011). For a long time, researchers have tried to
address those problems and design rational disease models
for effective experiments.

Of the various diseases, one major target of disease modeling
is inflammatory bowel disease, which occurs as a result of
disrupted homeostasis and inflammation. Bacterial or viral
infection of the digestive tract is known to be an initial trigger
of this disease (De Hertogh et al.,, 2008). An infection of the
digestive tract directly interacts with the mucus layer; therefore,
the mucus layer, as a factor in model simulations of inflammatory
bowel disease or other infectious diseases, is more important
here than the ordinary intestinal model. Animal models have
usually been constructed and used to study intestinal diseases.
For the construction of such models (Dosh et al., 2019), there
are various methods for causing defects in the mucus layer
of animal intestine, including chemical treatment, mucin-related
gene defection, specific disruption of intestinal epithelial cells,
and immune cell deformation (Table 2).

However, these methods also have limitations, including in
terms of their reproducibility, observation scope, cost, and level
of experimental difficulty. For direct and reliable experiments,
a cell culture model with a mucus glycan layer was developed.
In the intestinal model, glycan is added to the mucus layer
via a mucus-secreting cell line [HT29 methotrexate (MTX)
cells, LS174T] or goblet cells. For example, HT-29 MTX was
cultured with Caco-2 in various ratios (1:9-3:7) or stem cells
were differentiated into several intestinal epithelial cell types
(enterocytes, goblet cells, and enteroendocrine cells) to mimic
the intestinal and colonic mucosa (Dosh et al., 2019). To create
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TABLE 2 | Commonly used IBD mouse models.

Categories Model examples Prevalent type of

response

Details of barrier defect References

Chemical induction  Dextran sodium sulfate (DSS)  Epithelial damage

colitis
2,4,6-trinitrobenzene sulfonic Epithelial damage, immune-
acid (TNBS) mediated
Oxazolone Epithelial damage, immune-
mediated
Spontaneous SAMP1/Yit Immune-mediated
mutation
C3H/HedJBir Immune-mediated
Nuclear factor kB (NF-kB) Cytokine release
essential modulator (NEMO)
colitis
Adoptive T-cell Systemic T-cell activation Immune-mediated
transfer

CD4 + CD45RBhi Immune-mediated

Genetic engineering  IL-10—/— knockout Cytokine release, epithelial

damage
FOXP3 mutation Immune-mediated
Dominant negative N-cadherin

transgene expression
MDR1A-deficient mice

Epithelial damage
Epithelial damage

Constitutively active MLCK
transgene expression
JAM-A-deficient mice
Mucin-2-deficient mice

Epithelial damage

Epithelial damage
Epithelial damage
Microbiome Immune-mediated
induction

Enteropathogenic Escherichia
coli infection

Clostridium difficile-induced
colitis

Enteric microbial transfer to
germ-free IL-10—/— mice

Epithelial damage

Immune-mediated

Persse and Cerar, 2012;
Chassaing et al., 2014
Loeuillard et al., 2014

Deficiency of Muc2, main gastrointestinal mucin.

Coupled with intestinal proteins eliciting
significant immunologic response, such as Th1
inflammatory response.

Direct destruction of colonic mucosa and
association with Th2-type inflammatory
response.

Spontaneous inflammation of terminal ileum and
cecum driven by TH1 response and epithelial
barrier defect, but TH2 response may develop
at later stages of disease.

Increased B-cell and T-cell reactivity to antigens
of enteric bacterial flora causing colitis.
Reduced paneth cell numbers and increased
|IEC apoptosis.

Heller et al., 2002; Weigmann
and Neurath, 2016

Pizarro et al., 2011

Elson et al., 2000

Liu et al., 2017

Cytokine release (TNF, LIGHT) causing MLCK
activation and occludin endocytosis.

CD4+ cells from diseased mice displayed highly
polarized Th1 pattern of cytokine synthesis.
IL-10 signaling in macrophages and neutrophils
is necessary to prevent abnormal regulation of
responses to normal microflora.

Autoimmune enteropathy by excessive T-cell
activation.

Chen and Sundrud, 2016

Byrne et al., 2005

Scheinin et al., 2003

Bamidele et al., 2018

Defective epithelial maturation, migration, and Radice, 2013
adherens junctions.
Reduced occludin phosphorylation, increased Wilk et al., 2005

epithelial cell response to LPS.

MLC hyperphosphorylation, barrier
dysregulation.

Effect on epithelial permeability.

Intercellular junction defects, mitochondrial
damage, and ATP depletion.

Type lll secretion (of bacterial proteins), MLCK
activation, and occludin endocytosis.
Actomyosin disruption and glucosylation of Rho
proteins, loss of ZO1 and ZO2.

Resident enteric bacteria are necessary for the
development of spontaneous colitis and
immune system activation in IL-10-deficient
mice.

Cunningham and Turner, 2012

Laukoetter et al., 2007
Borisova et al., 2020

Glotfelty and Hecht, 2012
Best et al., 2012

Keubler et al., 2015

a disease model from an in vitro model, various methods are
used. One is direct deformation of the mucus layer in the
model. Before pathogen treatment, the defensive glycan-rich
barrier is removed by a chemical or enzymatic method. Then,
researchers can create an obvious disease physiology and observe
the interaction and effect of the pathogen in the condition.
Another method is to treat with the pathogen over a long
time and elicit an inflammatory response from a model with
normal physiology and a mucus layer, which can mimic the
chronic disease physiology (Zheng et al., 2020).

The simulation degree of this model can be enhanced by
increasing the model complexity. In a more complex model,
immune cells can be treated, and it is possible to observe
immune responses against infectious pathogens. With the use
of such a model, immune signaling molecules expressed by

infectious stimulation and inflammation were observed. This
model can be used effectively to assay the effect of a pathogen
or infectious microbe under normal intestinal conditions (Sekirov
and Finlay, 2009; Kho and Lal, 2018). The use of gene-modified
cells can create a model that more simply simulates
congenital disease.

The intestinal culture models introduced in this review for
modeling inflammatory or infectious conditions have distinct
advantages. First, the cell type (normal cells, transformed cell
lines, stem cells, or isolated cells) with the least limitations
on physiological conditions can be selected. Many studies have
used various cell types for their own purposes. For example,
Caco-2 and HT-29 cell lines have been widely used to construct
models simulating intestinal layers based on their immortality
and accessibility. However, these immortalized cells have
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significant differences in their state of differentiation, viability,
proliferation, metabolic properties, and immune responses.
Consequently, models using immortalized cells may be less
representative of the normal colonic epithelium, with high
differentiation, which may be a disadvantage in mimicking
intestinal disease. To circumvent the disadvantages of the
abovementioned models, many studies have shown that a disease
model can be organized using cells from biopsy specimens
obtained from the intestines of IBD patients. These cells have
increased expression of inflammatory cytokines, including IL-1
and TNFa (Yamane and Yamane, 2007).

Second, model cultures are available for direct environmental
maintenance and control, such as cellular populations, mucus
thickness, etc. Third, the culture conditions allow researchers
to create phenotypic and morphologic similarities, including
the formation of 3D multilayered epithelial tissue or crypt
structures and multi-phenotype cells (enterocytes, goblet cells,
or enteroendocrine, and goblet cells). In the latter, in vitro
models can be modified to inoculate cell types of interest into
other systems, for example, immune cells for the immune
system or smooth muscle cells and fibroblasts for structural
enhancement. Therefore, the complexity of the model can
be increased by adding more factors to simulate actual human
tissue more closely (Sekirov and Finlay, 2009; Coccia et al., 2012).

Recently, in vitro models have experienced rapid development;
however, their diversity and specific properties as disease models
are insufficient compared to conventional animal disease models
that have been developed for a long time. The current intestinal
culture models have critical limitations that restrict their
application in lab-scale experiments and research. The complex
conditions mean that these models cannot easily be used in
conventional diagnosis or preclinical trials. The conventional
process is already certified by the FDA and is widely used in
industries as a suitable high-throughput screening system to
search for infectious or therapeutic compounds. It is more
difficult than culturing with a simple Transwell or other platforms,
so it is emphasized that there may be a need to standardize
the model as a novel platform. Several models have bright
prospects, with the properties required for an intestinal model,
including mucus layer, mucus-secreting cells, and microbe
treatment, and further studies are needed to improve their
reliability and properties so that they can be used as experimental
models after collecting more data and conducting big data
analysis to verify their relevance and applicability.

CONCLUSION AND FUTURE
PROSPECTS

In the current review, we highlight the structural and functional
features of models intended to replace cell-based animal models
containing microbiomes and the potential for a disease model
derived from infectious inflammation examined with mucin
glycan. The gastrointestinal system, which contains the oral
cavity—stomach-gut components, is essential for human activity
with regard to energy production and complement supply. Because
of its importance, homeostasis is tightly regulated, but is surprisingly

easy to disrupt, with consequences being diarrhea as well as
inflammatory and infectious diseases. For several reasons, food
is continuously supplied to the system, whose microbiome is
always changing; therefore, pathogens or sources of infection
can occasionally invade the system via food consumption. The
most important underlying reason for this variation is the
complexity of the intestinal environment. Even when the same
food is supplied, infectious substrates can be produced by
microorganisms depending on the conditions in the intestine.
The complexity of the intestine is derived from the intestinal
tissue and microorganisms. Therefore, it is difficult to construct
a rational experimental model, because the structure and
environment of the intestine different from those of other tissues.
In this context, the model should strike a balance between
physiological complexity and experimental simplicity. As a result,
from the simplest 2D culture model, various technologies, such
as 3D scaffolds, Transwell, microfluidic chips, organoids, and 3D
printers, are being used for model construction. With the
development of these technologies, the ability to implement
physiological complexity in a model that can confirm the
interactions between intestinal tissues and microbes is also
increasing. Such techniques are applied to create models, with
in vitro disease models being developed that focus on the glycan-
rich layer that protects the tissue from infectious pathogens. The
mucin glycan is added to the model by inoculating mucus-secreting
cells or differentiating stem cells. In conclusion, novel engineered
human intestinal tissue systems that recapitulate normal physiology
provide an innovative and attractive approach to modeling
inflammatory diseases of the gastrointestinal tract. In future
models, a critical issue will be how to ensure uniformity and
ease of use while increasing the physiological complexity. Models
could provide not only normal physiology but also inflammatory
and infectious diseases of the gastrointestinal tract as an attractive
approach. Therefore, researchers are focusing on developing a
novel platform and standards covering diverse physiological
conditions for more reliable data.
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The coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) has been affecting the world since January
2020 and has caused millions of deaths. To gain a better insight into molecular
changes underlying the COVID-19 disease, we investigated here the N-glycosylation of
three immunoglobulin G (IgG) fractions isolated from plasma of 35 severe COVID-19
patients, namely total IgGy, total IgGo, and anti-Spike IgG, by means of MALDI-
TOF-MS. All analyses were performed at the glycopeptide level to assure subclass-
and site-specific information. For each COVID-19 patient, the analyses included three
blood withdrawals at different time-points of hospitalization, which allowed profiling
longitudinal alterations in IgG glycosylation. The COVID-19 patients presented altered
lgG N-glycosylation profiles in all investigated IgG fractions. The most pronounced
COVID-19-related changes were observed in the glycosylation profiles of antigen-
specific anti-Spike 1gG1. Anti-Spike IgG1 fucosylation and galactosylation showed the
strongest variation during the disease course, with the difference in anti-Spike 1gG1
fucosylation being significantly correlated with patients’ age. Decreases in anti-Spike
lgG1 galactosylation and sialylation in the course of the disease were found to be
significantly correlated with the difference in anti-Spike IgG plasma concentration. The
present findings suggest that patients’ age and anti-S IgG abundance might influence
lgG N-glycosylation alterations occurring in COVID-19.

Keywords: IgG glycosylation, N-glycopeptides, glycans, Spike, SARS-CoV-2, COVID-19, MALDI-TOF

INTRODUCTION

Coronaviruses have been responsible for three pandemics this century with high mortality
although they are usually responsible for only benign colds. The severe acute respiratory syndrome
coronavirus (SARS-CoV) and the Middle East respiratory syndrome coronavirus (MERS-CoV)
caused nosocomial outbreaks in 2002 and in 2012, respectively, due to a virus transfer from
animals to humans (De Wit et al., 2016; Reis et al., 2021). However, in 2019, the severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged worldwide as the causative agent
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of the coronavirus disease 2019 (COVID-19), which can
range from a mild disease course to pneumonia requiring
hospitalization and to life-threatening multi-organ failure in the
most severe cases. So far, around 431 million cases and almost 6
million deaths have been reported worldwide.

Immunoglobulins G (IgG) are the most abundant antibodies
present in human blood with concentrations ranging from 7
to 18 mg/ml. Produced by mature plasma cells, they play a
crucial role in the regulation of inflammation and immune
reactions in humans and animals (Karsten et al., 2012; Hess
et al., 2013; Bartsch et al., 2020). In humans, IgG is subdivided
into four subclasses named according to their abundance:
IgGy, 1gGy, IgGs, and IgGy (Schur, 1988). Although they
share about 90% of amino acid homology, each subclass
differs with respect to effector functions and binding affinities
toward Fc gamma receptors (FcyRs) (Wang and Ravetch,
2019). Each IgG molecule consists of two parts: fragment
antigen binding (Fab) that is sporadically glycosylated and
fragment crystallizable (Fc), which is glycosylated at asparagine
(Asn) 297 within each heavy chain. IgG glycosylation at
Asn297 modulates its interactions with Fcy receptors (FcyRs).
In particular, absence of core-fucosylation was shown to
tremendously increase the binding to FcyRIIla and enhance
antibody-dependent cellular cytotoxicity. This principle is used
in the production of recombinant monoclonal antibodies
by the pharmaceutical industry for anti-cancer therapy
(Yuetal,, 2017).

IgG glycosylation at Asn297 consists of complex-type
biantennary N-glycans being highly fucosylated, slightly
sialylated and having various degrees of galactosylation (Clerc
et al., 2016). IgG glycosylation is age- as well as sex-dependent
(Bakovic et al., 2013; Stambuk et al., 2020) and has been widely
studied in health and disease. Fucosylation is relatively stable
in adulthood and upon aging (Dall’olio et al., 2013; De Haan
et al,, 2016). On the opposite, sialylation and galactosylation
decrease with age (Dall’olio et al., 2013) because their occurrence
is related to estrogen regulation both in men and women (Ercan
et al., 2017). Moreover, the latter glycosylation features are also
gender-dependent: IgG galactosylation and sialylation are higher
in pre-menopausal women as compared with men (Bakovic
et al., 2013). After menopause, sialylation, and galactosylation
levels are similar in men and women (Bakovic et al., 2013).
Distinct IgG glycosylation features are also associated with
a broad range of inflammatory pathologies. Precisely, IgG
glycosylation is modulated during chronic as well as acute
inflammation. In rheumatoid arthritis patients, decreased
galactosylation was correlated with clinical parameters (Van De
Geijn et al., 2009; Schwedler et al.,, 2018) and with decreased
activity of galactosyltransferase in plasma B-cells (Axford et al.,
1987). During bacterial and viral infections, decreased IgG
galactosylation was observed for hepatitis B and tuberculosis
(Pilkington et al., 1995; Ho et al., 2015; Irvine and Alter, 2020).

In COVID-19 patients, however, regulation of glycosylation
has not been addressed in detail. Thus, in order to gain a better
understanding of IgG glycosylation upon SARS-CoV-2 infection,
we studied total IgG and anti-SARS-CoV-2 IgG glycosylation at
Asn297 in a cohort of patients hospitalized in Berlin (Germany)
during disease course.

MATERIALS AND METHODS

Sample Collection

The study was approved by the Institutional Review Board
at Charité - Universititsmedizin Berlin, Campus Virchow-
Klinikum, Germany (no. EA2/095/20) and at the Arztekammer
Berlin, Germany (Eth-23/20). All experiments were performed
in accordance with relevant guidelines and regulations.
Additional written informed consent was taken for Eth-
23/20. The investigated cohort consisted of 35 COVID-19
patients hospitalized Charité - Universititsmedizin Berlin or
Unfallkrankenhaus Berlin between 31.03.2020 and 31.12.2020
and 35 age- and sex-matched healthy controls (HC) (Table 1).
For each COVID-19 patient, the analysis included three plasma
samples, each withdrawn at a different time-point of the hospital
stay. Blood withdrawal was performed according to the standard
of care and plasma was separated by centrifugation at 2200 x g
for 10 min using plasma separation tubes with polymer gel and
lithium heparin (Becton Dickinson, Medical-Pharmaceutical
System, Franklin Lakes, NJ, United States, or Greiner Bio-One,
Kremsmiinster, Austria). Obtained plasma was aliquoted and
stored at —80°C until the time of further analysis. C-reactive
protein (CRP) was determined by immunoturbidimetry.

Enzyme-Linked Immunosorbent Assay
Plasma anti-SARS-CoV-2-IgG levels were semi-quantified using
a commercially available enzyme-linked immunosorbent
assay (ELISA) system [Anti-SARS-CoV-2-ELISA (IgG),
EUROIMMUN Medizinische Labordiagnostika AG, Liibeck,
Germany]. The system consists of immobilized recombinant
SARS-CoV-2 Spike S1 subunit protein, which is specifically
recognized and bound by its cognate anti-SARS-CoV-2 Spike
S1 IgGs (in the following parts of this work referred to as anti-
Spike/anti-S 1gGs) contained in COVID-19 positive samples.
The binding efficiency was determined based on the value of
an extinction sample to extinction calibrator ratio, a relative
measure of the anti-S IgG concentration in plasma. Plasma
samples with anti-S IgG IU > 1.1 were assessed as COVID-19
positive and those with IU > 4.0 were used for anti-S IgG
glycosylation analysis.

Purification of Anti-S IgG From Plasma

A 20-pl aliquot of each COVID-19 patient plasma sample was
diluted 1:50 in the sample buffer supplied with the ELISA kit. The
resulting mixture was distributed among four consecutive wells
of the anti-SARS-CoV-2-ELISA plate and incubated for 1 h at
37°C. Afterward, the supernatants were discarded and the wells
were washed with 3 x 300 pl of wash buffer (supplied with the
ELISA kit) and 2 x 300 pl of Milli-Q water. The retained anti-S
IgG antibodies were eluted with 3 x 100 pl of 100 mM formic
acid. For each plasma sample, the eluates from all four wells were
pooled together and evaporated in a vacuum centrifuge.

Purification of Total Immunoglobulins G

From Plasma
Total IgG antibodies were isolated from human plasma as
described previously (Schwedler and Blanchard, 2019). Briefly,
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TABLE 1 | Demographics of the cohorts used in this studly.

COVID-19 patients

Parameter HC First detection Middle detection Last detection

n 35 35 35 35

Age, years 65.0 (63.2-75.6) 64.0 (565.6-75.8)

Female sex, n (%) 14 (40.0) 14 (40.0)

Hospital stay, days 2 (0-6) 12 (6-17) 20 (13-30)

ICU, n (%) 28 (80.0) 24 (68.6) 7 (20.0)

Anti-S IgG, positive (%) 27 (77.1) 29 (82.9) 34 (97.1)

Anti-S 1gG, IU 25.4 +£33.0 77.3 +£143.9 61.7 +£68.5
(0.1-128.4) (0.1-721.1) (0.1-322.4)

CRP, mg/L 83.5 +86.9 47.8 +£54.3 44.7 +£59.4
(0.6-320.5) (0.6-284.7) (0.6-235.9)

HC, healthy controls; ICU, intensive care unit; CRP, C-reactive protein; Anti-S IgG, anti-SARS-CoV-2 immunoglobulin G; IU, international unit. Age and hospital stay are
shown as median (interquartile range), whereas CRP and anti-S IgG are shown as mean + SD (range).

a 5-pl aliquot of each plasma sample was incubated in a 96-
well filter plate (AcroPrep Advance filter plate, 1.2 pm Supor
membrane, Pall Life Sciences, Dreieich, Germany) with Protein
A Sepharose beads (GE Healthcare, Uppsala, Sweden) for 1 h
at 37°C. The beads were washed thoroughly with 1 x PBS and
Milli-Q water under vacuum (multi-well plate vacuum manifold,
Pall Life Sciences). Afterward, the captured IgG molecules (IgG;,
IgG,, and 1gGy) were eluted with 2 x 50 pl of 100 mM formic
acid, dried by vacuum centrifugation, and stored at —20°C
until further use.

Tryptic Digestion and Glycopeptide
Purification
Tryptic digestion of IgG followed by glycopeptide purification
was performed as described previously (Wieczorek et al., 2020).
Briefly, dried antigen-specific anti-S IgG or total IgG fractions
were dissolved in 50 pl of 50 mM ammonium bicarbonate
(Merck, Darmstadt, Germany). Sequencing grade modified
trypsin (Promega, Madison, WI, United States) was reconstituted
to a concentration of 0.2 pwg/pl in a buffer provided by the
manufacturer and 5 ] was added to each sample. After overnight
incubation at 37°C, the digested IgGs were dried by vacuum
centrifugation and stored at —20°C until further processing.
Immunoglobulins G glycopeptide enrichment was achieved
using self-made cotton-HILIC microcolumns (Selman et al,
2011), conditioned with 3 x 50 pl of Milli-Q water and
3 x 50 ul of 85% ACN. Then, the trypsinized IgG samples
were resuspended in 50 pl of 85% ACN and applied to the
microcolumns. The columns were washed with 3 x 50 pl of
85% ACN containing 0.1% TFA and 3 x 50 pl of 85% ACN.
Eventually, retained IgG glycopeptides were eluted with 6 x 50 L1
of Milli-Q water, dried in a vacuum centrifuge, and stored at
—20°C until MALDI-TOF-MS measurements.

MALDI-TOF Measurements and Data
Analysis

Dried total and anti-S IgG glycopeptides were dissolved in 70
and 5 pl Milli-Q water, respectively. Of these, 1 pul was spotted
on the stainless steel MALDI target plate (Bruker Daltonics,
Bremen, Germany). After drying, each spot was overlaid with

1 plof 2.5 mg/ml 4-chloro-a-cyanocinnamic acid (CICCA, Sigma
Aldrich, St. Louis, MO, United States) in 70% ACN and was left
to air-dry at room temperature. Measurements were performed
on Ultraflex III mass spectrometer (Bruker Daltonics, Bremen,
Germany) equipped with Smart Beam Laser (laser frequency
100 Hz). Calibration was performed with Peptide Calibration
Standard II (Bruker Daltonics, Bremen, Germany). Mass spectra
were recorded in reflectron negative ionization mode using the
m/z range of 1000-5000 and a partial “random-walk” laser
movement mode. All IgG glycopeptides were detected as [M-
H]™ species and are listed in Supplementary Table 1. The
recorded mass spectra were exported as ASCII text files, and
the subsequent data processing including re-calibration, baseline
subtraction, and peak extraction was performed using the
MassyTools software (Jansen et al., 2015). The re-calibration of
total IgG1/anti-S IgG; and total IgG, mass spectra was performed
using the list of six IgG; and six IgG, glycopeptides (GOF, G1E,
GOFN, G2F, GIFN, and G2FS1), respectively. The intensities
of the detected glycopeptides were normalized for total IgG,
total IgG,, and anti-S IgG; . Afterward, the subclass-/type-specific
IgG glycosylation profiles were represented in a form of four
glycosylation traits, i.e., fucosylation, galactosylation, sialylation,
and bisection, determined by summing up relative intensities of
respective glycopeptide structures as described below:

Fucosylation (Fuc) = GOF + G1F + G2F + GOFN
+ GIFN + G2FN + G1FS1 + G2FS1 + mono GOF
+ mono GI1F;

Galactosylation (Gal) = (G1F + G1FN + G1FS1
+ Mono GI1F + G1 + GIN) * 0,5 + G2F + G2FN
+ G2FS1 + G2 + G2N + G2S1;

Sialylation (Sial) = G1FS1 + G2FS1 + G1S1 + G2S1;

Bisecting GIcNAc (Bisec) = GOFN + G1FN + G2FN
+ GON + G1IN + G2N.

It should be noted that, in the case of IgG,, fucosylation could
not be determined due to the mass overlap of its afucosylated
structures with the major glycopeptides of the IgGy4 subclass.
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Statistical Analysis

Statistical analyses were performed using IBM SPSS version 25.0
(IBM, Armonk, NY, United States) and PRISM 6.0 software
(GraphPad Software, La Jolla, CA, United States). Two-way
ANOVA was performed to test whether total IgG; -, anti-S IgG; -,
and total IgG,-specific glycosylation traits change over the course
of the COVID-19 disease. Wilcoxon signed-rank test was used
to determine whether total IgG; and anti-S IgG; glycosylation
profiles in COVID-19 patients differ between the first and the last
time-point of hospitalization. Mann-Whitney U-test was used
to determine whether total I1gG; glycosylation differs between
COVID-19 patients and HC. Association between the length
of COVID-19 patients’ hospital stay and age was evaluated by
Pearson’s correlation. Subsequently, the same statistical tests were
performed to determine whether COVID-19-related differences
in total IgGy, total IgG,, and anti-S IgG; glycosylation correlate
with patients’ age and with the difference in plasma CRP and
anti-S IgG concentration recorded in the course of the disease.
For each parameter/glycosylation trait, the difference between the
last and the first time-point of hospitalization (A) was calculated
according to the formula: AX = X last — X first. To control the
Type I Error, all individual p-values were adjusted employing
the Bonferroni correction method (p-values were multiplied by
the corresponding number of tests). Eventually, the Bonferroni
corrected p-values are indicated as *p < 0.05, **p < 0.0,
#%p < 0.001.

RESULTS

In this study, we investigated the glycosylation profiles of total
IgGy, total IgG,, and antigen-specific anti-S IgG, isolated from
plasma samples of COVID-19 patients by means of MALDI-
TOF-MS. The investigated cohorts consisted of 35 severe
COVID-19 patients and 35 sex- and age-matched HC, whose
demographics are presented in Table 1. A majority of COVID-
19 patients (80%) was treated at intensive care unit (ICU) wards.
The hospitalization duration varied from 4 to 57 days (median:
20 days) and a total of 33 patients survived the COVID-19
infection. For each COVID-19 patient, three plasma samples

(referred to as first, middle, and last) were analyzed, each of which
corresponded to a different time-point of patients hospital stay,
namely the beginning, middle, and the end. The first anti-S IgG
glycopeptide detection corresponded to hospitalization day 0-6
and, with few exceptions, matched with the first day when anti-
S 1gG could be unambiguously detected (>1.1 IU). Altogether,
the investigated material consisted of 140 plasma samples (HC:
35; COVID-19 patients: 105) resulting in 245 IgG glycopeptide
samples (total IgG: 140; anti-S IgG: 105) being measured.

The analytical workflow used in this study is presented in
Figure 1. Inter-day repeatability of the sample preparation was
verified by analyzing the same plasma sample in triplicate on
three consecutive days. The results of repeatability testing are
presented in Supplementary Figure 1. The mean coefficient of
variation values were 3.11 for total IgG;, 3.75 for total IgG,
and 4.71 for anti-S IgG;, indicating a very good repeatability of
the applied method.

The representative MALDI-TOF mass spectra [M-H] ™ of total
and anti-S IgG glycopeptide fractions are presented in Figure 2.
In the total IgG fraction, up to 28 glycopeptide signals were
detected, of which 17 corresponded to IgG; and 11 to IgG;
subclass (Figure 2A and Supplementary Table 1). Five IgG,
structures (i.e., GI, G2, GIN, G2N, and G2S1) could not be
unambiguously assigned due to the mass overlap with IgGy
glycopeptides and hence were not included in the analysis. It
should be noted that the anti-S IgG fraction contained solely
IgG; glycopeptides (Figure 2B); this is why it is referred
to as anti-S IgG; in the following parts of this work. As
shown in Figure 2B for one representative COVID-19 patient,
at the beginning of the disease (hospitalization day 6), the
most abundant anti-S IgG; glycopeptides are the afucosylated
Gl and G2 structures, whereas the fucosylated GOF and GI1F
glycopeptides become the most abundant structures later in the
disease course (day 18 and day 31).

Aiming at performing statistical comparisons between
clinical parameters and glycosylation features, the glycosylation
profiles of total and anti-S IgGs were represented in the form of
four glycosylation traits, namely fucosylation, galactosylation,
sialylation, and bisection, calculated separately for each
IgG subclass/type, as described in section “MALDI-TOF

IgG
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and anti-Spike IgGs and peptides glycopeptides WV IEIDICIG) 0, |
. 8 8 8 8 8 7 mypsin | %‘: f cotton-HILIC o i
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% Y] trypsin ? !i cotton-HILIC ii? 7
35 COVID-19 patients 96-well antigen-coated plate anti-Spike IgGs s S
105 plasma samples anti-SARS-CoV-2-ELISA (IgG)
FIGURE 1 | Schematic representation of the analytical workflow used in this study.
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Measurements and Data Analysis.” The relative abundance
and SD values of all total IgG;, total IgG;, and anti-S IgG,
glycosylation traits and individual glycopeptide structures
detected in HC and COVID-19 patients are presented in
Supplementary Table 2.

As visible in Figure 3, COVID-19 was found to be associated
with significant changes in total IgGj, total IgG,, and antigen-
specific anti-S IgG; glycosylation. In general, all investigated
IgG fractions presented similar patterns of COVID-19-related
glycosylation alterations, marked by a gradual decrease in
galactosylation and sialylation and a concomitant gradual
increase in fucosylation (in the case of IgG,, fucosylation was
not determined). Bisection was the only glycosylation trait that
showed a distinct profile of COVID-19-related alterations in total
IgG, /total IgG, and antigen-specific anti-S IgG; antibodies, in
which it, respectively, decreased and increased in the course of
the disease. IgG, was found to be marked by an overall lower
galactosylation compared to both IgG; fractions, which seems
to be a universal feature of IgG, glycosylation and is in line
with previous reports (Bakovic et al., 2013; Wieczorek et al.,

2020). Notably, the strongest COVID-19-related glycosylation
alterations were recorded for antigen-specific anti-S IgG;.
Among all glycosylation traits, anti-S IgG; fucosylation and
galactosylation had a particularly high variation in the course
of the disease, with anti-S IgG; fucosylation (first: 83.3%; last:
95.9%) showing a 12% increase and anti-S IgG; galactosylation
(first: 56.4%, last: 42.2%) a 14% decrease. Notably, as visible
in Supplementary Figure 2, further stratification of COVID-19
cohort based on the length of hospitalization revealed that the
above-described alterations prevail in patients with prolonged
hospital stay (>20 days).

Despite similar trends of COVID-19-related alterations,
glycosylation profiles of total and antigen-specific anti-S IgG;
antibodies were found to differ significantly, with the strongest
discrepancy being observed at the beginning of hospitalization.
Precisely, as visible in Figure 4, anti-S IgG; antibodies secreted
early in the COVID-19 course were marked by significantly
lower fucosylation and bisection and significantly higher
galactosylation and sialylation as compared to total IgG; of
COVID-19 patients. Notably, although anti-S IgG; glycosylation
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FIGURE 2 | Representative MALDI-TOF-mass spectra [M-H]" of (A) total IgG1,2 and (B) anti-Spike IgG isolated from plasma of severe COVID-19 patient (male, age
51) at beginning (day 6), midpoint (day 18), and the end (day 31) of the disease. IgG glycopeptides are marked in red and IgG, glycopeptides are marked in black.

FIGURE 3 | Profiles of COVID-19-related glycosylation alterations in (A) total IgG1,
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glycosylation traits Gal, Bisec, Sial, and Fuc is given in section “MALDI-TOF Measurements and Data Analysis.”

(B) anti-S IgG+, and (C) total IgGy. *p < 0.05, **p < 0.01. The calculation of the
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indicated in red (patient 1) and blue (patient 2). The Bonferroni corrected p-values are indicated as *p < 0.05, *p < 0.01, **p < 0.001.

was observed to alter continuously in the disease course
(Supplementary Figure 3), statistically significant differences
between total and anti-S IgG; were as well detected at the
end of hospitalization for the following glycosylation traits:
galactosylation, sialylation, and bisection. It is also notable that
the profile of total IgG; glycosylation was found to differ
significantly between COVID-19 patients and HC (Figure 4).
In particular, total IgG; glycopeptides of COVID-19 patients
were marked by decreased abundance of bisecting GIcNAc
and increased fucosylation both at the beginning and at the
end of hospitalization. Contrarily, sialylation of total IgG; was
unaltered in COVID-19 patients as compared to HC, whereas
galactosylation was significantly decreased in COVID-19 patients
at the end of hospitalization.

In the investigated COVID-19 cohort, the length of
hospitalization was expectedly found to correlate with patients’
age (p = 0.038, Pearson r = 0.3552). Since, in line with literature
data (Gudelj et al., 2018), IgG N-glycan composition in both
healthy and COVID-19 patients was likewise observed to differ
based on patients’ age (Supplementary Figure 4), we next tested
whether this age-dependency is also reflected at the level of

COVID-19-related glycosylation changes recorded in total IgG;,
total IgGy, and anti-S IgG;. Among all investigated antibody
fractions, age-dependency of COVID-19-related glycosylation
alterations could be detected only in anti-S 1gG;. The results
of the correlation analyses are presented in Figure 5, in which
the X axes represent patient age, whereas the Y axes represent
the change (A) in the respective anti-S IgG; glycosylation trait
recorded between the last and first hospitalization time-points.
Notably, anti-S IgG; fucosylation was the only glycosylation trait,
in which the difference between the final and the initial level was
significantly correlated with patients’ age. Precisely, in the course
of COVID-19 disease, younger patients exhibited significantly
stronger alteration in anti-S IgG; fucosylation level as compared
to older ones. Contrarily, in the case of galactosylation and
sialylation, a more prominent change between the final and the
initial level was observed in older COVID-19 patients, however,
the respective correlations were statistically insignificant.

Since altered IgG glycosylation is a common feature of
inflammatory conditions, we next tested whether COVID-19-
related total and anti-S IgG; glycosylation alterations correlate
with changes in CRP and plasma anti-S IgG concentration in
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the course of COVID-19. As compared to physiological CRP
concentrations that range between 0.8 and 3.0 mg/L (Shine
et al., 1981), CRP levels in COVID-19 patients were strongly
increased, with the highest levels being expectedly recorded at
the beginning of hospitalization (except for the two patients who
did not survive COVID-19) (Supplementary Figure 5A). In the
course of patients’ hospitalization, the CRP and anti-S IgG levels
were observed to, respectively, decrease and increase in COVID-
19 patients; however, for none of these parameters the difference
between the final and the initial level was correlated with patients’
age (Supplementary Figures 5C,F). As visible in Table 2,
Pearson’s correlation analyses revealed that COVID-19-related
changes in total and anti-S IgG; glycosylation profiles are not
correlated with changes in CRP levels. Contrarily, changes in
anti-S IgG; galactosylation and sialylation were both found
to significantly correlate with changes in plasma anti-S IgG
concentration recorded between the last and the first time-point
of patients’ hospital stay (Table 2).

DISCUSSION

An increasing number of evidences suggest that altered IgG
glycosylation might be a factor contributing to disease severity in
COVID-19. To further deepen the understanding of molecular

signatures underlying the SARS-CoV-2 infection, in this work,
we performed a longitudinal analysis of total and anti-S IgG Fc-
glycosylation in a cohort of 35 hospitalized COVID-19 patients
and 35 HC by means of MALDI-TOF-MS. To assure site-
and subclass-specificity of determined glycosylation profiles,
in this study, all analyses were performed at the level of
tryptic glycopeptides.

Upon SARS-CoV-2 infection, virus-specific IgG antibodies are
typically detected in blood within 7 days from symptom onset
(Long et al,, 2020; Dan et al.,, 2021; Pang et al., 2021; Semmler
etal., 2021; Sterlin et al., 2021). In our study, the first detection of
SARS-CoV-2-specific anti-S glycopeptides in plasma of affected
patients occurred between the hospitalization day 0 and day 6.
While this broad range might partly result from the differences
in patients’ hospital admission time, it might as well reflect the
inter-individual variability of the humoral immune response to
SARS-CoV-2 infection.

In our study, COVID-19 was found to be associated
with significant changes in total and antigen-specific IgG
glycosylation. In particular, anti-S IgG; produced in the early
stage of the disease was found to be marked by strongly
decreased core-fucosylation, which is in line with previously
reported data (Hoepel et al., 2021; Larsen et al, 2021). Of
note, this particular feature of SARS-CoV-2-specific antibodies
has important functional consequences. Precisely, although
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afucosylation of the IgG Fc portion does not influence the
binding toward viral particles, it enhances by several folds the
binding affinity toward FcyRIIIa receptors on the surface of
innate immune cells (Wang et al., 2017; Chakraborty et al., 2021).
These Fc-FcyR interactions are crucial for Fc-mediated effector
functions such as antibody-dependent cellular cytotoxity and
phagocytosis, which next to viral neutralization are the primarily
mechanisms contributing to anti-viral host protection (Taylor
etal., 2021). Data reported by Bye et al. (2021) indicate, however,
that low fucosylation of anti-SARS-CoV-2 Spike IgG might be
a double-edged sword; while it facilitates the recovery process
by potentiating anti-viral immune responses, it might contribute
to COVID-19 patients’ death by enhancing pathogenic platelet
activation and thrombosis (Bye et al., 2021). In line with this data,
immune complexes engaging afucosylated 1gG molecules were
shown to stimulate the expression of pro-inflammatory cytokines
(e.g., IL-6, TNF, and IL-1P) in macrophages and natural killer
cells, generating a prothrombotic environment (Chakraborty
et al., 2021; Larsen et al,, 2021). In addition, high titers and
low fucosylation of anti-S IgG; were recently shown to promote
inflammation by alveolar macrophages (Hoepel et al., 2021).
Consistent with data of Larsen et al. (2021), in this work,
the initially low fucosylation of antigen-specific IgG; was found
to increase continuously over time, eventually approaching the
levels observed in total IgG;. It seems plausible that this timely
restricted production of highly potent afucosylated anti-viral
antibodies helps preventing excessive and potentially harmful
immune activation. Contrary to the above described findings, in
the study of Chakraborty et al. (2021), afucosylation levels were
shown to be stable over time. This discrepancy might be caused
by the fact that, in the latter study, the investigated samples were
not collected at the onset of anti-S IgG, expression.
Interestingly, some reports indicate that low fucosylation of
antigen-specific IgG antibodies might as well play a role in
other acute viral infections. For instance, a longitudinal study
of dengue-infected patients showed that, at the early stage
of the disease, IgG glycosylation profile is marked by high
afucosylation, which decreases in the course of the disease the
way we have measured here for anti-S IgG (Wang et al., 2017).
Contrarily, antibodies against internal viral proteins such as
nucleocapsid in COVID-19 or the parvovirus B19 were not
afucosylated but rather highly fucosylated (Larsen et al., 2021).

These seemingly contradictory data suggest that the biological
function of IgG fucosylation might differ depending on the
nature of the infectious agent, but this has not been investigated
in details so far.

Besides profiling the COVID-19-related IgG glycosylation
changes, the aim of our study was to determine whether observed
alterations are associated with patients age and whether they
correlate with changes in CRP and anti-SARS-CoV-2 IgG plasma
concentrations. Notably, for the vast majority of conducted
analyses, statistically significant trends were observed exclusively
in antigen-specific anti-S IgG;, which further confirms that the
glycosylation of bulk and anti-viral IgG in COVID-19 might be
distinctly regulated. In this work, anti-S IgG; fucosylation was
the only glycosylation trait whose change was correlated with
patients’ age during hospitalization. Precisely, in the course of the
disease, anti-S IgG; antibodies of younger COVID-19 patients
displayed a more prominent alteration in the fucosylation level as
compared to older patients. In the light of what has been written
above, it seems plausible that this dynamic timely restricted
transition from highly pro-inflammatory afucosylated phenotype
at seroconversion to less pro-inflammatory fucosylated anti-S
IgG; phenotype observed later in the disease course comprises
an innate regulatory mechanism that allows younger individuals
to mount a more potent virus-specific immune response that
is limited to the early phase of the disease. Following this
understanding, a weaker change in anti-S IgG; fucosylation
observed in older COVID-19 patients could contribute to
compromised or less balanced anti-viral response. In line with
this rationale, the quality of the humoral response was shown
to decline with age, which was linked to diminished potential
of aged B-cells to undergo somatic hypermutations (Frasca
et al., 2017). Correspondingly, the quantity and glycosylation
profile of anti-SARS-CoV-2 antibodies elicited in response
to COVID-19 mRNA vaccination were shown to differ in
younger and older individuals (Farkash et al, 2021). In line
with our data, anti-SARS-CoV-2 antibodies produced after the
first and the second vaccination showed higher variation with
respect to the fucosylation level in younger as opposed to
older individuals (Farkash et al., 2021). Interestingly, in our
study, no correlation was observed between the change in
anti-S IgG; fucosylation and the change in anti-SARS-CoV-
2 antibody titer in the course of hospitalization, implying

TABLE 2 | Correlation between COVID-19-related differences in total and anti-S 19G+ -specific glycosylation traits and the difference in CRP and anti-S IgG plasma

concentration in COVID-19 patients.

Total IgG4 Anti-S 19gG¢
AFuc AGal ASial ABisec AFuc AGal ASial ABisec
ACRP r -0.217 0.246 0.032 —0.351 0.166 0.311 0.218 -0.176
p 1 1 1 0.8 1 1 1 1
Aanti-S IgG r —-0.123 —0.194 —0.033 —0.332 —-0.175 -0.717 —-0.617 —0.075
p 1 1 1 0.784 1 0.0016 0.0064 1

The difference between the last and the first time-point of hospitalization (A) was calculated for each parameter or glycosylation trait according to the formula: AX = X
last — X first. For all glycosylation traits, descriptive statistics are shown in terms of r (Pearson’s correlation coefficient) and p (p-values). The presented p-values
are Bonferroni-adjusted, statistical significance was reached when p < 0.05. Representations of glycosylation traits are given in terms of Fuc (fucosylation), Gal

(galactosylation), Sial (sialylation), and Bisec (bisecting GICNACc).
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that the above-described age-dependent transformation of IgG
fucosylation in COVID-19 patients is independent of anti-S
IgG abundancy in blood. Nevertheless, considering that the vast
majority of the investigated cohort was represented by severe
COVID-19 patients, who presented overall high anti-Spike IgG
titers, the latter observation necessitates validation in a larger and
more diversified cohort.

In line with the results of Hoepel et al. (2021) and Larsen et al.
(2021), anti-S IgG; antibodies investigated in the present study
were marked by high galactosylation and sialylation as compared
to their corresponding levels in total IgG;. Particularly, this
glycosylation profile of anti-SARS-CoV-2 antibodies was specific
to the early stage of the disease, as the disparity between total
and antigen-specific IgG galactosylation/sialylation diminished
continuously toward the end of hospitalization. Notably, this
profile was shown to be associated with previous natural infection
and recent immunization (Wang et al., 2015; Sonneveld et al.,
2017; Hoepel et al.,, 2021). Interestingly, contrary to the trends
observed for fucosylation, COVID-19-related decrease in anti-
S IgG; galactosylation and sialylation showed no correlation
with patients’ age; instead, they were found to negatively
correlate with changes in anti-S IgG plasma concentration.
Considering that, along with previous reports (Hoepel et al., 2021;
Larsen et al., 2021), anti-S IgG; concentration and anti-S IgG;
galactosylation/sialylation levels were, respectively, observed to
increase and decrease in the course of the disease, the above
findings imply that a strong increase in anti-S IgG concentration,
reported to occur in severe COVID-19 patients (Larsen et al.,
2021; Madariaga et al., 2021), might be accompanied with less
prominent decrease in anti-S IgG; galactosylation and sialylation.
Notably, the persistence of highly galactosylated/sialylated anti-S
IgG; antibodies that are otherwise limited to acute, early stage
of the disease, could potentially contribute to the severity of the
disease. This observation is advocated by the fact that platelet-
mediated thrombosis that contributes to increased mortality in
critically ill COVID-19 patients was shown to require both low
levels of fucosylation and high levels of galactosylation in the
anti-S IgG Fc domain (Bye et al., 2021).

Expectedly, inflammation accompanying SARS-CoV-2
infection was reflected by strong CRP elevation in COVID-19
patients at the beginning of hospitalization. Afterward, in the
COVID-19 patients who survived the disease, CRP levels were
found to gradually decrease in the disease course, with the biggest
change being observed during the first half of hospitalization. In
our study, the difference in CRP level showed no correlation with
changes observed in IgG glycosylation traits.

It should be noted that the present study suffers from some
limitations. First and foremost, the analyses were conducted
on a relatively small number of samples, with COVID-19
cohort consisting predominantly of patients having severe disease
symptoms. Therefore, it would be meaningful to validate these
findings in a larger and more diversified cohort. Additionally,
anti-S IgG fractions investigated in our study contained
exclusively IgG; glycopeptides, as antibodies of this subclass
dominate the immune response directed toward S1 subunits of
the viral Spike protein (Yates et al., 2021). It would be of interest
to determine whether reported trends are as well observed in

IgG3, whose titers were recently reported to increase upon SARS-
CoV-2 infection, particularly in response to SARS-CoV-2 Spike
S2 subunit (Luo et al., 2021; Yates et al., 2021).

In conclusion, the results presented in this study confirm
previous findings showing that anti-S IgG; antibodies produced
in COVID-19 patients are marked by differential glycosylation
profiles, which normalize gradually in the course of the disease.
Using a German cohort, we were able to show that COVID-
19-related glycosylation alterations that occur in antigen-specific
anti-S antibodies are to some extend dependent on patient’s age
and anti-S IgG quantity. Further studies are needed to determine
whether these observed trends are specific to anti-Spike S1
subunit IgG; antibodies and whether they are likewise detected in
COVID-19 patients suffering from less severe disease symptoms.
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Supplementary Figure 1 | Inter-day repeatability testing of the analytical
workflow used in this study. Average is shown as mean + SD.

Supplementary Figure 2 | Coronavirus disease 2019-related glycosylation
alterations in patients with shorter (<20 days) and longer (>20 days)
hospitalization. (A) Total IgG+, (B) anti-S IgG1, and (C) total IgG». The calculation
of the glycosylation traits Gal, Bisec, Sial, and Fuc is given in section “MALDI-TOF
Measurements and Data Analysis.” *p < 0.05, **p < 0.01.

Supplementary Figure 3 | Longitudinal changes of (left) anti-S IgG¢ and (right)
total IgG¢ Fc glycosylation in COVID-19 patients; (A,B) fucosylation, (C,D)
galactosylation, (E,F) sialylation, and (G,H) bisecting GIcNAc. Data points
corresponding to the two deceased COVID-19 patients are indicated in red
(patient 1) and blue (patient 2).
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