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Editorial on the research topic
Glycans: Masters of immunity, from cancers to inflammatory disease

As editors of this Research Topic, it was our pleasure to review a wide range of
fascinating articles and reviews within the field. In this editorial we summarize the main
findings and perspectives detailed within each of the accepted articles.

Hugonnet et al. give an overview on the different functions sialyltransferases have in
cancer progression and inhibition of anti-cancer immunity. Hypersialylation - a term
used for a cancer-associated increase in intratumoral sialic acid content - has been
described many years ago and can be significantly supported by sialyltransferases.
However, only recent elucidation of various mechanisms promoting cancer
progression including engagement of Siglec receptors, stabilization of receptors and
influencing of antigen presentation have led to further investigations to target
hypersialylation and sialyltransferases for cancer therapy.

Mucins are well studied carriers of these hypersialylated glycans, and as such, in a
hypothesis article, Hitchcock et al. propose to use an antibody against the cancer-
associated TAG-72 mucin protein to determine the extent of surgery for patients with
colorectal cancer (CRC). Mucins play an important role in cancer progression and
metastasis formation. The use of cancer-associated changes in mucins could therefore be
a valuable diagnostic and therapeutic target.

Hypersialylated glycans are well-known to engage Siglecs, however there is much
complexity beyond this statement. Van Houtum et al. summarize the current role of
Siglec receptors in the tumor microenvironment. Interactions of Siglec receptors with
sialic acid-containing ligands have recently moved into the focus of a broad interest as the
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first Siglec-targeting antibodies as well as sialic acid-reducing
compounds have reached early clinical stages of development.

An improved understanding of the Siglec-Ligand
interactions described above is likely to prove useful in the
application of this axis in regulating immune responsiveness.
The current tools being used to explore the Siglec-ligand
interaction, and in particular the physiological ligands, is
discussed within the mini review by Jiang et al. In this review
the advantages and disadvantages of the current methodologies
to identify relevant Siglec ligands is summarised, including
affinity purification, proximity labelling, and genetic
modifications of cells and genome-wide screening, with
consideration given to the cis or trans orientation of the
ligand-receptor interaction.

Some of these methodologies are then put into practice by
Chang et al. who explore the molecular basis for a Siglec-7
checkpoint axis in chronic lymphocytic leukemia. In this
research article the authors identify high levels of Siglec-7
ligands expressed on malignant B-cells predominately on CD43,
CD45, and PSGL-1 counter receptors. The interaction of these
counter receptors with Siglec-7 is facilitated through a display of
disialyl-T O-glycans. This overexpression of the disialyl-T antigen
likely results from overexpression of the ST6GalNAc-IV enzyme,
a sialyltransferase which further sialylates the sialyl-T antigen (at
the core GalNAc residue) to form the disialylated antigen. These
decorations of disialyl-T antigen on malignant B-cells may inhibit
anti-tumour immunity, in particular NK cell cytotoxicity,
providing another example of the sialoglycan-siglec axis in
tumour immunity.

Remaining of the subject of sialic acids, Villanueva-
Cabelloet al. discuss and analyse the current knowledge on
polysialic acid (polySia) and the immune system. Although
much has been elucidated about polySia in mammals, such as
its role in the central nervous system, the role of polySia in
other tissues are not fully understood, including in cells of the
immune system. The authors describe the dynamic changes
that PolySia presents during differentiation, maturation, and
activation of different types of immune cells of the innate and
adaptive response. They also discuss PolySia involvement in
cellular regulatory mechanisms. The paper addresses various
aspects about polySia, including its biosynthesis as well as the
tools for the identification and structural characterization of
this glycan. Furthermore, the paper discusses various
functional aspects in the immune system and its potential
therapeutic implications.

Specific glycans, often on specific proteins, have been
associated with cell death for decades. Parshenkov and Hennet
sought to drill down into the specific pathways associated with
lectin-induced cell death via these specific glycans. Using three
lectins (Wheat Germ Agglutinin, Maackia Amurensis lectin I,
Aleuria aurantia lectin) on the same cell line model, the authors
demonstrated that caspase-independent but autophagy-

Frontiers in Immunology

10.3389/fimmu.2022.1002679

dependent death pathways were activated. The authors conclude
by arguing that the activation of these pathways may be a useful
tool in sensitising tumours to other cytotoxic agents, especially
those tumours that become resistant to more classically
activated pathways.

Remaining of the subject of lectins, Griffiths et al. show their
versatility in using them to develop a diagnostic tool for Invasive
Aspergillosis (IA), a disease which is notoriously difficult to
identify at an early stage. The authors examined the sequence
and expression of four C-type lectin and lectin-like receptors
(Dectin-1, Dectin-2, Mincle and Mcl) alongside matched
responses to Aspergillus (IL6, TNF) in 42 patients. Correlation
analysis revealed novel IA disease risk factors which they used to
develop a pre-emptive patient stratification protocol to identify
haematopoietic stem cell transplant patients at high and low risk
of developing IA.

In an analysis of patients with chronic obstructive
pulmonary disease (COPD), Krick et al. identify an inverse
correlation and a role of the 0.2,6-sialyltransferase ST6GALI in
the production and secretion of IL-6, an important mediator of
exacerbations in patients with COPD. The authors use primary
patient samples and an in vitro system to demonstrate that low
levels of ST6GALI increase IL-6 levels. Interestingly, they are
also able to show that cigarette smoke can decrease ST6GALL
and increase thereby IL-6.

In another disease of chronic inflammation, Wang et al.
explore desialylation on synovial fibroblasts in rheumatoid
arthritis (RA). Previous work had shown that RA synovial
fibroblasts display lower levels of sialylation and
sialyltransferases than healthy controls. Using both in vivo
and in vitro models the authors explore the impact of
desialylation on fibroblasts using sialidases on phenotype and
function. RNA-seq analysis and protein validation showed
fibroblasts became hyper-inflammatory after the removal of
cell-surface sialic acids, and displayed impaired migration. The
authors therefore argue that hypo-sialylation itself may be a
disease driver in RA.
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ST6GAL1 and 02-6 Sialylation
Regulates IL-6 Expression and
Secretion in Chronic Obstructive
Pulmonary Disease

Stefanie Krick ™2, E. Scott Helton, Molly Easter, Seth Bollenbecker’, Rebecca Denson’,
Rennan Zaharias’, Phillip Cochran’, Shia Vang', Elex Harris 2, James M. Wells "->4
and Jarrod W. Barnes ""?*

" Division of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, The University of Alabama at
Birmingham, Birmingham, AL, United States, 2 Gregory Fleming James Cystic Fibrosis Research Center, The University of
Alabama at Birmingham, Birmingham, AL, United States, 3 UAB Lung Health Center, Birmingham, AL, United States,

4 Birmingham VA Mediical Center, Birmingham, AL, United States

Chronic obstructive pulmonary disease (COPD) is a systemic disease strongly associated
with cigarette smoking, airway inflammation, and acute disease exacerbations. Changes
in terminal sialylation and fucosylation of asparagine (N)-linked glycans have been
documented in COPD, but the role that glycosyltransferases may play in the regulation
of N-linked glycans in COPD has not been fully elucidated. Recent studies suggest that
modulation of STBGAL1 (ST6 beta-galactoside alpha-2,6-sialyltransferase-1), which
catalyzes terminal a2-6 sialylation of cellular proteins, may regulate inflammation and
contribute to COPD phenotype(s). Interestingly, it has been previously demonstrated that
ST6GAL1, a Golgi resident protein, can be proteolytically processed by BACE1 (beta-site
amyloid precursor protein cleaving enzyme-1) to a circulating form that retains activity. In
this study, we showed that loss of ST6GAL1 expression increased interleukin (IL)-6
expression and secretion in human bronchial epithelial cells (HBECs). Furthermore,
exposure to cigarette smoke medium/extract (CSE) or BACE1 inhibition resulted in
decreased ST6GAL1 secretion, reduced o2-6 sialylation, and increased IL-6
production in HBECs. Analysis of plasma ST6GAL1 levels in a small COPD patient
cohort demonstrated an inverse association with prospective acute exacerbations of
COPD (AECOPD), while IL-6 was positively associated. Altogether, these results suggest
that reduced ST6GAL1 and a2-6 sialylation augments IL-6 expression/secretion in
HBECs and is associated with poor clinical outcomes in COPD.

Keywords: ST6GAL1, COPD, cigarette smoke, bronchial epithelium, inflammation
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ST6GAL1 Regulates IL-6

INTRODUCTION

The glycosylation of proteins and lipids has been shown to be
critically involved in the regulation of a variety of physiological
and pathological processes in eukaryotic cells (1-3). ST B-
galactoside alpha-2,6-sialyltransferase 1 (ST6GALL) is a type II
membrane protein that is commonly localized in the Golgi
apparatus catalyzing the transfer of a sialic acid from Cytidine
5’-monophosphate (CMP)-sialic acid to galactose-containing
glycans (4). ST6GALI plays an important role in cancer
progression and metastasis (5-8). The expression of ST6GALL1
has been determined to be downregulated in some cancers
including bladder cancer and upregulated in others such as
prostate, lung, and breast cancer (9-11). Interestingly,
ST6GAL1 has been shown to regulate Notchl, Hesl, matrix
metalloproteinases (MMPs) and vascular endothelial growth
factor (VEGF) in lung cancer and altered 0:2-6 sialylation has
been linked to lung cancer progression (10). ST6GALI has also
been documented for its role in other cancer cellular processes
including angiogenesis (12, 13), inflammation (14, 15), and
apoptotic resistance (16-18).

In the lung, it has been shown that ST6GAL1 mRNA levels
were significantly increased in non-small cell lung cancer,
whereas other sialyltransferases were downregulated, such as
ST3GALI1, ST6GALNACS3, and ST8SIA6 (10). In addition, 02,6-
sialylation by ST6GAL1 has been linked to lung cancer
progression by mediating tumor invasiveness and protecting
cancer cells through hypoxia inducible factor (HIF)-la
signaling (19). Recently, ST6GAL1 was linked to modulating
airway mucins and sialylation levels in asthma, which further
altered cell proliferation and inflammation in this disease (20).
The literature on ST6GAL1 in other chronic lung diseases;
however, is limited and its role in underlying lung disease
processes has not been fully elucidated.

Chronic obstructive pulmonary disease (COPD) is the third
leading cause of death globally and is strongly associated with
cigarette smoke and airway inflammation with disease
exacerbations being a prognostic factor increasing the mortality of
the disease (21-23). Inflammation has been shown to lead to
alterations in protein glycosylation (24-27) and assessment of
plasma from individuals with COPD demonstrated significant
changes in compound glycan structures such as tetra-sialylated
and complex-type fucosylated glycoforms (28). In addition,
alterations in asparagine (N)-linked glycans have been
documented for their role in COPD (29) and the function of oul-
antitrypsin (30, 31). Still, studies investigating the role of terminal
glycosylation and the potential role of glycosyltransferases in the
regulation and function of the N-linked glycans in COPD have not
been fully elucidated.

In this study, our goal was to determine the effects of gain-
and loss-of-function of ST6GALI on the response of human
bronchial epithelial cells (HBECs) to inflammatory stimuli, and
identify the clinical relevance for changes in circulating
ST6GALI in smoking, COPD, and acute exacerbations of
COPD (AECOPD). Our findings show that loss of ST6GAL1
and 02-6 sialylation increases interleukin (IL)-6 expression/
secretion in HBECs similar to cigarette smoke and

ST6GALL cleavage/secretion blockade. In addition, reduced
circulating ST6GALI, while increased IL-6 levels in the same
COPD patient cohort, was shown to associate with
prospective AECOPD.

MATERIALS AND METHODS
Study Approval

All protocols were approved by the Institutional Review Board of
the University of Alabama at Birmingham and written consent
was obtained from each patient enrolled in the study. The
research herein was performed in accordance with the
Helsinki Declaration.

Study Population

Individuals with COPD as defined previously (32) were recruited
by the University of Alabama at Birmingham (UAB) Lung
Health Center from May 2017 through December 2018. These
patients were classified based on severity of the COPD using the
Global Initiative for Chronic Obstructive Lung Disease (GOLD)
guidelines (33), which are as follows: GOLD 1: Mild (FEV1 >
80% predicted); GOLD 2: Moderate (FEV1 between 50 and 79%
predicted); GOLD 3: Severe (FEV1 between 30 and 49%
predicted); and GOLD 4: Very severe (FEV1 <30% predicted).
Subjects were recruited during their stable state and followed
prospectively for one year. Data collection included demographic
data, smoking history, pre- and post-bronchodilator spirometry
using American Thoracic Society (ATS) standards (34), dyspnea
assessment using the modified medical research questionnaire
(MMRC), respiratory symptom assessment using the
Breathlessness, Cough, and Sputum Scale (BCSS), and queried
for AECOPD within the previous 12-months prior to the study
visit. AECOPD was defined as a persistent worsening of the
subject’s condition from a stable state that was acute in onset,
lasted more than 48 hours, and required additional treatment
(35, 36). Inclusion criteria to participate was to have a diagnosis
of COPD (35) and willing to sign the inform consent
to participate.

Blood Sampling and ST6GAL1
Measurements

Venous blood was sampled during the study visit and processed
immediately by centrifugation and collection of the plasma
fraction with subsequent storage at —80°C. Specimens were
thawed within 6 months and ST6GALLI levels were measured
by enzyme-linked immunosorbent assay (ELISA) utilizing the
Human ST6GAL1 ELISA (RAB1722; Sigma, St. Louis, MO;
USA) as per provided protocol.

Bronchial Epithelial Cell Cultures

16HBE cells (HBECs), an immortalized human bronchial
epithelial cell line, were plated and grown as recently described
(37). All treatments were carried out in antibiotic-free Eagle’s
Minimum Essential Medium (EMEM; ATCC, Manassas, VA;
USA) with 1x GlutaMAX (Gibco; Gaithersburg, MD; USA) and
10% fetal bovine serum (Atlas Biologicals; Fort Collins, CO;
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USA) on cell culture plates coated with collagen IV. Cigarette-
smoked medium/extract (CSE) was prepared by bubbling
cigarette smoke through 1.0 ml serum-free EMEM per
cigarette, followed by sterile-filtering through a 0.45 um filter,
and subsequent spectrophotometric analysis to define
concentration. For experimental purposes, 100% CSE was set
atan OD = 1.0 when absorbance was measured at 320 nm. Short-
term CSE exposure was performed on HBECs plated at 6.0 x 10*
cells per well in 12-well plates. Following overnight incubation to
allow for cell attachment, the cells were treated with varied
concentrations of CSE for 24 hours. Long-term CSE exposure
was performed on HBECs following a continuous culture
method utilizing 3-day intervals for media changes between
passages. Briefly, cells were collected by trypsinization, plated
at 1.5 x 10° cells per well on a 6-well plate, and treated with 2.5 ml
medium containing CSE every 3 days. The remaining cells from
each well were washed in cold phosphate buffered saline (PBS)
and pelleted at 300 x g. Cell pellets and conditioned media for
each time point were stored at -80°C until time of analysis.

For B-site amyloid protein cleaving enzyme 1 (BACEL)
inhibitor studies, 16HBE cells were plated as described above
followed by a 24-hr recovery period. Then, cells were incubated
for 2 hours with either DMSO vehicle or 20 uM LY2886721
(Selleck Chem; UK), which is a small molecule inhibitor of
BACE1/2; hereafter referred to as iBACE. After pre-incubation
with iBACE, CSE was added and cells were incubated for an
additional 72 hours.

Knockdown and Overexpression of
ST6Gal in Bronchial Epithelial Cells

HBECs were generated utilizing lentiviral transduction particles
containing a non-mammalian shRNA control sequence
(pLKO.1-puro SHCO002V; Sigma, USA); MISSION shRNA
targeted against ST6GAL1 (SHCLNV-NM_003032; Sigma,
USA); or an expression cassette for overexpression of
ST6GAL1 (MO0351; GeneCopoeia; Rockville, MD; USA). Cells
were plated at a density of 4.0 x 10* cells per well in 24-well plates
and infected overnight with 10 TU per cell in Opti-MEM (Gibco,
USA) containing 8 ug/ml Polybrene (Sigma, USA). Medium was
changed to EMEM with GlutaMAX and 10% fetal bovine serum
and cells were allowed to recover for 24 hours. Following the
recovery period, cells were selected with puromycin (10 pg/ml)
for 3 days, and then maintained in 0.5 pg/ml puromycin.
Knockdown and overexpression were confirmed by Western
blot and quantitative RT-PCR.

RNA Purification and Quantitative RT-PCR
RNA was extracted using the GeneJET RNA purification kit
(Thermo Scientific, Grand Island, NY, USA). For gene
expression analysis, qRT-PCR was performed using the
following Taqman probes (Life technologies/Applied
Biosystems; Carlsbad, CA; USA): Hs00949382 for ST6GALI;
Hs01555410_m1 for IL1B; Hs00174131 for IL6; and
Hs00174103_m1 for IL8. Hs02758991 for GAPDH was used as
our internal control and the transcript expression data for each
gene was normalized to GAPDH.

Flow Cytometry

Sialylation was assessed utilizing FITC-conjugated Sambucus
nigra agglutinin (SNA)-FITC; Vector Labs; Burlingame, CA;
USA), which is a lectin that binds preferentially to 0:2-6 linked
sialic acid as previously described (25). Briefly, HBECs were
gently dissociated using Accutase (Gibco, USA), washed with
cold Dulbecco’s phosphate buffered saline containing 0.1lmM
calcium (DPBS; Gibco, USA), and stained for 1 hour in the dark
at 4°C with 10 ug SNA-FITC per ml DPBS. Cells were washed
twice in DPBS and fixed in 1% paraformaldehyde. Stained cells
were analyzed on a LSR II Flow cytometer and the data were
analyzed utilizing FlowJo software (BD Life Sciences; Franklin
Lakes, New Jersey; USA).

IL-6 and IL-8 ELISA

IL-6 and IL-8 cytokine levels in cell culture media were measured
utilizing a human IL-6 and a human IL-8 enzyme-linked
immunosorbent assays (ELISA) from Invitrogen (Thermo
Scientific). Briefly, media from 16HBE cell cultures were
collected after treatment at indicated time points, clarified by
centrifugation at 500 x g for 10 min at 4°C, loaded onto an assay
plate coated with anti-IL-6 or anti-IL-8 capture antibody, and
incubated for 2 hours at room temperature. After completing the
manufacturer’s suggested protocol, absorbance was measured at
450 nm.

ST6GAL1 Slot Blot

Samples were prepared in sample loading buffer containing SDS
and DTT. Equal volumes of samples were transferred onto a
0.45um nitrocellulose membrane under gentle vacuum using Bio-
Rad Bio-Dot SF microfiltration apparatus (Bio-Rad, Life Sciences,
USA). To ensure equal loading, the supernatants were normalized
to total cellular protein following a Bradford assay and loaded
equivalently. Slot blots were probed with a monoclonal ST6GAL1
antibody (MA5-11900; Thermo Scientific; Grand Island, NY;
USA). The secondary antibody used was a goat anti-mouse IgM
antibody conjugated to HRP. Blots were developed using
enhanced chemiluminescence SuperSignal West Dura Substrate
(Thermo Scientific) and imaged using the GE Imaging System
(GE Healthcare). Image] software (38, 39) was used to perform
densitometry measurements.

Statistics

Data were expressed as mean + SEM, median [interquartile range
or IQR], and counts (percentages). Student’s ¢ tests were used to
analyze group differences for continuous variables; Mann
Whitney U tests were used to measure between group
differences for ST6GALLI given its non-Gaussian distribution in
the human cohort; and 1-way ANOVA or Kruskal Wallis tests
with appropriate post-hoc tests were used to measure between-
group differences for analyses that involved three or more
groups. Pearson’s correlation coefficients were used to measure
correlation between ST6GALI and outcomes for COPD in the
clinical cohort. Logistic regression models adjusting for post-BD
FEV1 percent predicted smoking status (current vs not-current)
were used to measure the association between ST6GALI1 and
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AECOPD at 1-year of follow-up. SPSS (version 26.0, Chicago, IL,
USA) and PRISM (Version 9, GraphPad Software, Inc., La Jolla,
CA) was used for all statistical analyses. A p-value of less than
0.05 was considered statistically significant.

RESULTS

Sialylation Is Reduced by Cigarette Smoke
Extract in HBECs

Previous reports have shown that glycosylation is altered in
COPD, and reduced following, cigarette smoke exposure and
may result in inflammation (24-28, 40). To determine whether
cigarette smoke results in changes in ST6GAL1 expression and/
or 02-6 sialylation, HBECs were subjected to mRNA transcript
analysis and SNA-FITC staining (which preferentially binds to
0.2-6 sialic acid on terminal galactose/N-acetylglucosamine over
the o-2,3 linkage) and flow cytometric analysis following
exposure to CSE for 3, 6, and 15 days. Interestingly, mRNA
expression was reduced at 3, 6, and 15 day of CSE, reaching
statistical significance at 3 and 15 days (Figure 1A). Similarly, the

levels of 0.2-6 sialic acid were reduced in the presence of CSE at
all three time points analyzed when compared to vehicle-treated
cultures (Figures 1B-D). These data suggest that ST6GAL1
expression and 0:2-6 sialylation are reduced following exposure
to cigarette smoke extract in HBECs.

ST6GAL1 Overexpression and Knockdown
Leads to Alterations in Sialylation in
HBECs

To determine the consequences of the gain- and loss-of-function
of ST6GALL in bronchial epithelium, we stably overexpressed or
knocked down ST6GALI in bronchial epithelial cell cultures.
Overexpression showed a marked increase in relative ST6GAL1
mRNA expression, and significant downregulation following
siRNA gene knockdown and clonal selection (Figure 2A). CSE
reduced the levels of ST6GALI expression in the control group;
however, it did not statistically change the expression levels in
the knockdown or overexpression groups (Figure 2A).
Assessment of 02-6 sialylation in these stably transfected
cultures with and without CSE showed a further reduction
following ST6GALI knockdown (Figures 2B, C). As expected,
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stable overexpression of ST6GALLI led to an increase in 02-6
sialylation (Figures 2B, C). Following 3 days of CSE exposure,
the levels of 2-6 sialylation were shown to significantly decrease
further when compared to vehicle treatment in the control
(Figures 2B, C). The mean 02-6 sialylation was slightly
reduced in the ST6GALI knockdown (p=0.053) and sialylation
changes in the overexpressing cell cultures but did not reach
statistical significance. These data suggest that overexpression of
ST6GALL increases 0.2-6 sialylation and ST6GAL1 knockdown
results in similar ST6GAL1 expression and 0.2-6 sialylation levels
as CSE exposure in the HBEC cultures (Figure 1).

ST6GAL1 Knockdown Increases IL-6
Expression and Secretion

Next, we wanted to determine the functional outcomes of
altering ST6GALI expression on the production of the pro-
inflammatory cytokines IL-1pB, IL-6, and IL-8. ST6GALI1
knockdown alone led to a significant increase in mRNA levels
of IL-1B, IL-6, and IL-8 (Figure 3A). Overexpression
demonstrated upregulation in IL-8 but changes were not
significant for IL-1f or IL-6 (Figure 3A). Interestingly, IL-6
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protein secretion was higher in ST6GAL1 knockdown cells
(Figure 3B) compared to the control and ST6GALI1
overexpressing cells, corroborating the changes in mRNA
expression. In contrast, IL-8 secretion was not statistically
different in the supernatants of the groups (Figure 3C), while
IL-1B was below the limit of detectability (data not shown).
These data suggest that loss of ST6GALI leads to increased IL-6
protein levels in HBECs that is not observed with IL-8.

IL-6 Expression and Secretion Is

Increased by Cigarette Smoke Exposure in
HBECs and Partially Rescued by ST6GAL1

Overexpression

To determine whether CSE affects IL-6 expression and secretion
similarly to ST6GAL1 knockdown, we subjected HBECs to CSE
for 24 hours. mRNA upregulation (Figure 4A) and protein
secretion of IL-6 (Figure 4B) were observed following CSE
exposure in HBECs compared to the controls and is consistent
with our findings observed in the ST6GAL1 knockdown cultures
(Figures 3A, B). When stable ST6GAL1 OE HBECs were
exposed to CSE, there was no statistical change in IL-6
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FIGURE 3 | ST6GAL1 knockdown increases IL-6 expression and secretion. (A) Relative mRNA transcript levels of IL-1p, IL-6, and IL-8 in CTRL, ST6GAL1 KD, and
STBGAL1T OE HBECs. Analysis of IL-6 (B) and IL-8 (C) protein levels from supernatants of CTRL, STBGAL1 KD, and ST6GAL1 OE HBECs using ELISA. CTRL,
pLKO vector control; KD, STEBGAL1 knockdown; OE, STEBGAL1overexpression; rel, relative; IL-6, interleukin 6; and IL-8, interleukin 8. All experiments were
reproduced 3 times and done in triplicates with bar graphs indicating means + SEM with *p < 0.05, **p < 0.01 and ***p < 0.001.
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secretion levels when compared to the control group; however,
the OE cultures showed a statistically significant reduction in IL-
6 secretion compared to CSE alone (in the control group)
(Figure 4B). Altogether, these findings suggest a potential link
between the loss of ST6GAL1 and CSE induced IL-6 production
in HBECs that is partially blocked by ST6GALI overexpression.

Inhibition of ST6GAL1 Secretion Reduces
Sialylation in HBECs Similar to CSE

Previous reports have shown that BACE1 (beta-site amyloid
precursor protein cleaving enzyme 1) cleaves and releases
ST6GALL1 from the trans-Golgi into the secretory pathway (41,
42). Therefore, we wanted to determine whether BACE1-dependent
ST6GALLI cleavage and secretion was necessary for any of the 02-6
sialylation in HBECs. Both the expression of BACE1 and ST6GALL
has been shown previously in the lung epithelium (20, 43, 44).
BACEI inhibition in the HBECs resulted in a significant decrease in
012-6 sialylation levels when compared to controls and similar to the
level of reduction when compared to CSE (Figures 5A, B).
Combined, BACE1 inhibition and CSE resulted in more of a
reduction in 02-6 sialylation (Figures 5A, B). As expected,
ST6GALL1 secretion into the HBEC culture medium was reduced
by BACE] inhibition (Figure 5C), which was determined by slot
blot and densitometry analysis. Interestingly, ST6GALI secretion
was reduced following CSE and with both iBACE and CSE

(Figure 5C). These data suggest that cigarette smoke extract
exposure or blocking ST6GAL1 cleavage by BACE! inhibition
partially reduces secretion of ST6GALI and levels of 02-6
sialylation in HBEC cultures.

BACE1 Inhibition Increases IL-6 Secretion

To determine the effect of BACEI inhibition on IL-6 secretion,
we subjected cells to the same treatments as shown in Figure 5C
and measured IL-6 levels in culture medium by ELISA. IL-6
secretion from HBECs was increased following BACE inhibition,
CSE administration, or both (Figure 5D). These findings suggest
that blocking ST6GAL1 cleavage and secretion by BACEIL
inhibition leads to an increase in IL-6 secretion from HBECs
similar to in vitro cigarette smoke extract exposure (Figure 4).

Circulating ST6GAL1 Levels Are Lower in
COPD Patients and Associate With Worse
Clinical Outcomes

To determine a potential clinical impact for ST6GALI and IL-6,
we analyzed plasma levels in 70 COPD subjects, with
characteristics displayed in Table 1. Median [IQR] circulating
ST6GALLI levels were 1.93 [1.44-2.48] ng/ml, while the mean +
SEM was 2.26 * 1.33 ng/ml for the cohort. Circulating ST6GAL1
levels positively and significantly correlated with post-BD FEV1
percent predicted (Pearson’s correlation coefficient r=0.36,
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TABLE 1 | Baseline characteristics.

COPD (n=70)

Age, years 59+9
Male sex 36 (561%)
White race 34 (47%)
Smoking Status 34 (49%)
Current 36 (560%)
Former 2 (3%)
Never

Pack-year history of smoking 36 £ 25
Post-BD FEV1, pct predicted 65 + 22
Post-BD FVC, pct predicted 84 + 16
FEV1/FVC 0.59 £ 0.16
MMRC score 1.8+1.2
BCSS score 4327

Median [IQR] plasma ST6GAL1 1.93 [1.44-2.48] ng/ml

Data expressed as mean + S.E.M. or n (%). BD, bronchodilator; FEV1, forced expiratory
volume in 1-second; FVC, forced vital capacity; MMRC, modified medical research
council; BCSS, breathlessness, cough, and sputum scale.

p=0.003), post-BD FVC percent predicted (r=0.30, p=0.011), and
were inversely associated with GOLD stages (Figure 6A).
However, ST6GAL1 was not correlated with dyspnea as
measured by MMRC (r=0.19, p=0.10) or other respiratory
symptoms measured by BCSS (r=0.15, p=0.22). Seven
individuals (9.7%) experienced an AECOPD during the 1-year
of follow-up. Circulating ST6GALL levels were lower among
these individuals that experienced an AECOPD compared to the
group that was AECOPD-free (Figure 6B; Median [IQR]: 1.44
[1.29-1.91] ng/ml vs 2.02 [1.48-2.58] ng/ml, p<0.001). In a
logistic regression model adjusting for post-BD FEV1 percent
predicted and smoking status, circulating ST6GALI levels were
associated with decreased odds for AECOPD, though this failed
to meet statistical significance (OR 0.14, 95%CI 0.02-1.19,
p=0.072). Not unexpectedly, plasma IL-6 levels were higher
among the AECOPD group compared to the non-AECOPD
group (Figure 6C; Median [IQR]: 13.1 [8.30-15.1] ng/ml vs 7.44
[5.70-11.0] ng/ml, p=0.035). Circulating levels of ST6GAL1 and
IL-6 were not associated (r=0.08, p=0.50). These translational

findings support our in vitro data demonstrating loss of
ST6GALI and increased secretion of IL-6, which may be
linked to prognostic clinical outcomes in COPD patients.

DISCUSSION

Our study is the first to link reduced circulating ST6GALLI levels
and increased IL-6 levels with acute exacerbations in COPD
patients. These findings are complemented by our in vitro
findings indicating that loss of ST6GALI results in decreased
02-6 sialylation and increased secretion of IL-6 in HBEC cultures
under basal conditions. Our results also showed that exposure to
cigarette smoke or BACE1 inhibition resulted in decreased
ST6GALLI secretion and loss of 0:2-6 sialylation. Conversely,
CSE or BACEL! inhibition increased IL-6 expression/secretion
consistent with the loss of ST6GALIL. Altogether, these results
suggest that loss of ST6GALLI function, through knockdown or
blocking its proteolysis, augments IL-6 secretion in HBECs and is
associated with poor clinical outcomes in COPD.

Recently, ST6GALI1 was recognized for its role in asthma (20).
In this report, Zhou and colleagues showed that ST6GAL1
regulated airway epithelial cell differentiation and type-2
inflammation in asthma through altered mucin glycosylation
and cell proliferation. The role of ST6GAL1 has also been
shown in other diseases and their associated complications. For
example, increased cigarette smoke exposure was shown to alter
sialylation of the fallopian tubes potentially through ST6GAL1 in
ectopic pregnancy (40). In addition, changes in protein sialylation
were shown to contribute to fatty liver deposition and various
inflammatory responses (45). Our findings demonstrate that loss
of ST6GALI or exposure to cigarette smoke leads to decreased
sialylation (Figures 1, 2) and increased IL-6 expression/secretion
in bronchial epithelial cells (Figures 3, 4). These findings together
highlight the potential importance of ST6GALl1 and 02-6
sialylation in inflammation and other cellular processes in the
lung as well as other tissues that may be impacted by inflammatory
mediators such as cigarette smoke.

A B o]
16 8 e 64 N
* L]
—_ L] — ° 324 [ ]
E 84 E * *
2 o 249 * £ 16 ~ in
- < et > e
3 4 - O © 200l & 8- "n
< A 4 < <
0] i, o, % 4l .
= 2] Add g2 faliall | = #
@ b i - 24 °
hAiad I%-I L] ®
AA
1 1 T T T 1 T T 1 T T
GOLD1 GOLD 2 GOLD 3 GOLD 4 No AECOPD  AECOPD No AECOPD  AECOPD
(n=19) (n=32) (n=16) (n=3) (n=63) (n=7) (n=59) (n=T7)
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Several reports have shown that ST6GALL, a normally trans-
Golgi network resident protein, can be cleaved from its
membrane bound form to a soluble/secreted protein by
BACEL (41, 42, 46). BACEI is the same enzyme identified for
cleavage of the amyloid precursor protein involved in the
pathogenesis of Alzheimer’s disease (47-50). Interestingly, our
knowledge of the BACE1/ST6GALLI interaction is still limited;
however, BACEI has been shown to be responsible for release of
ST6GALLI into the blood (51). BACEL expression has been
shown to affect the sialylation of soluble/cell surface
glycoproteins through cleavage of ST6GALL (52) suggesting
that the soluble form of the ST6GALL still has activity when
released [others have shown that ST6GALI has activity in a
secreted/soluble form (53)]. Additionally, secreted/circulating
ST6GALI1 has been associated with inflammation (45, 54, 55).
Here, we show that inhibition of BACEI reduced ST6GALI
secretion and 02-6 sialylation and resulted in augmented IL-6
secretion in HBECs similar to that found with CSE
treatment (Figure 5).

In a previous report, Nasirikenari and colleagues
demonstrated that administration of ST6GALI reduced
infection in a mouse model of acute lung inflammation, while
transient depression of circulating ST6GAL1 accompanied acute
airway inflammation (56). In parallel experiments, they showed
that inflammatory cytokine release was suppressed by
recombinant ST6GALI infusion in these mice and suggested a
potential role for ST6GALLI in diseases like COPD. In a small
COPD patient cohort, we observed an inverse association
between circulating ST6GALI levels and lung function and
GOLD stages (Figure 6A), suggesting that ST6GAL1 may have
a protective role in maintaining lung function, potentially
through anti-inflammatory mechanisms. We also found that
ST6GALL levels were lower among the group that experienced
an acute exacerbation compared to those that did not
(Figure 6B) further supporting the hypothesis that ST6GALI
may have a protective effect in COPD. Since our cohort was
small, more studies are needed in a larger patient population to
validate of these findings and to determine the use of ST6GAL1
as a potential prognostic marker of disease symptom severity.

In this same patient cohort, increased plasma IL-6 levels were
shown to positively associate with acute COPD exacerbations
(Figure 6C). IL-6 has been shown to be upregulated in COPD
exacerbations (24) and was also suppressed/enhanced by the
increase/reduction of ST6GALL in acute lung injury mouse
models studied by Nasirikenari et al. (56). These findings are
consistent with our in vitro data showing loss of ST6GALI led to
increased IL-6 expression/secretion (Figure 3). Moreover,
BACEL1 inhibition (reduction in ST6GALI cleavage/secretion
and 02-6 sialylation) or cigarette smoke exposure resulted in
similar increases in IL-6 (Figure 5).

Our study is not without limitations. Our translational results
were generated from a single center study and contained a
relatively small sample size. However, this small sample
population was offset by a well-characterized dataset and
complete follow-up. In addition, ST6GAL] was measured from
plasma of these patients and not from lung tissue or sputum,

which was not practical for this study. Analysis in these samples
would have been a more ideal and direct measure. Still, these
findings in plasma were robust and improved the overall
generalizability to other human cohorts. Finally, studies here
were performed with HBECs and we cannot rule out the fact that
circulating ST6GAL1 may be coming from other tissues (e.g.,
liver). In future studies, we plan to utilize primary cells and tissue
obtained from COPD subject studies to obtain a more
direct measure.

Altogether, our results along with the previous literature
suggest that ST6GAL1 potentially has an important role
regulating the inflammatory cytokine response in patients
diagnosed with COPD. Further, although future studies are
needed, our work suggests that circulating ST6GALL levels
might serve as a potential therapeutic marker of acute COPD
exacerbation and of inflammatory lung disease progression.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

All protocols were approved by the Institutional Review Board of
the University of Alabama at Birmingham. The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

SK, JB, and JW contributed to the concept and/or design of the
study. SH, ME, RD, RZ, SB, PC, SV, EH, JW, JB, and SK
contributed to the acquisition of the data and SH, JW, SK, and
JB contributed to the analysis and interpretation. SK, SH, JW,
and JB drafted the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by the Flight Attendant Medical
Research Institute (YFAC152003 to S.K.), the Cystic Fibrosis
Foundation (CFF P30 DK072482 and CFF Rowel9RO to S. K.)
and the National Institutes of Health (ROOHL131866 and
RO1HL152246 to JB; RO3AG059994 to SK; and RO1HL148215
and R35HL135710 to JW).

ACKNOWLEDGMENTS

We would like to thank Dr. Susan Bellis for advice on
experimental protocols and reagents.

Frontiers in Immunology | www.frontiersin.org

14

July 2021 | Volume 12 | Article 693149


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Krick et al.

ST6GAL1 Regulates IL-6

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Varki A. Biological Roles of Oligosaccharides: All of the Theories Are Correct.
Glycobiology (1993) 3:97-130. doi: 10.1093/glycob/3.2.97

Varki A, Cummings RD, Esko JD, Freeze HH, Stanley P, Bertozzi CR, et al.
Essential. In: Glycobiology. Cold Spring Harbor. NY: Cold Spring Harbor
Laboratory Press (2009).

. Varki A. Biological Roles of Glycans. Glycobiology (2017) 27:3-49. doi:

10.1093/glycob/cww086

. Hedlund M, Ng E, Varki A, Varki NM. Alpha 2-6-Linked Sialic Acids on N-

Glycans Modulate Carcinoma Differentiation In Vivo. Cancer Res (2008)
68:388-94. doi: 10.1158/0008-5472.CAN-07-1340

. Wei A, Fan B, Zhao Y, Zhang H, Wang L, Yu X, et al. ST6Gal-I

Overexpression Facilitates Prostate Cancer Progression via the PI3K/Akt/
GSK-3beta/Beta-Catenin Signaling Pathway. Oncotarget (2016) 7:65374-88.
doi: 10.18632/oncotarget.11699

. Hsieh CC, Shyr YM, Liao WY, Chen TH, Wang SE, Lu PC, et al. Elevation of

Beta-Galactoside Alpha2,6-Sialyltransferase 1 in a Fructoseresponsive
Manner Promotes Pancreatic Cancer Metastasis. Oncotarget (2017) 8:7691—
709. doi: 10.18632/oncotarget.13845

. LuJ, Isaji T, Im S, Fukuda T, Hashii N, Takakura D, et al. Beta-Galactoside

Alpha2,6-Sialyltranferase 1 Promotes Transforming Growth Factor-Beta-
Mediated Epithelial-Mesenchymal Transition. J Biol Chem (2014)
289:34627-41. doi: 10.1074/jbc.M114.593392

. Wichert B, Milde-Langosch K, Galatenko V, Schmalfeldt B, Oliveira-Ferrer L.

Prognostic Role of the Sialyltransferase ST6GAL1 in Ovarian Cancer.
Glycobiology (2018) 28:898-903. doi: 10.1093/glycob/cwy065

. Garnham R, Scott E, Livermore KE, Munkley J. ST6GAL1: A Key Player in

Cancer (Review). Oncol Lett (2019) 18:983-9. doi: 10.3892/01.2019.10458
Yuan Q, Chen X, Han Y, Lei T, Wu Q, Yu X, et al. Modification of Alpha2,6-
Sialylation Mediates the Invasiveness and Tumorigenicity of Non-Small Cell
Lung Cancer Cells In Vitro and In Vivo via Notch1/Hes1/MMPs Pathway. Int
J Cancer (2018) 143:2319-30. doi: 10.1002/ijc.31737

Sewell R, Backstrom M, Dalziel M, Gschmeissner S, Karlsson H, Noll T, et al.
The ST6GalNAc-I Sialyltransferase Localizes Throughout the Golgi and Is
Responsible for the Synthesis of the Tumor-Associated Sialyl-Tn O-Glycan in
Human Breast Cance. J Biol Chem (2006) 281:3586-94. doi: 10.1074/
jbc.M511826200

Imamaki R, Ogawa K, Kizuka Y, Komi Y, Kojima S, Kotani N, et al.
Glycosylation Controls Cooperative PECAM-VEGFR2-B3 Integrin
Functions at the Endothelial Surface for Tumor Angiogenesis. Oncogene
(2018) 37:4287-99. doi: 10.1038/s41388-018-0271-7

Chiodelli P, Rezzola S, Urbinati C, Federici Signori F, Monti E, Ronca R, et al.
Contribution of Vascular Endothelial Growth Factor Receptor-2 Sialylation to
the Process of Angiogenesis. Oncogene (2017) 36:6531-41. doi: 10.1038/
onc.2017.243

Holdbrooks AT, Ankenbauer KE, Hwang J, Bellis SL. Regulation of
Inflammatory Signaling by the ST6Gal-I Sialyltransferase. PloS One (2020)
15:¢0241850. doi: 10.1371/journal.pone.0241850

Rodrigues E, Macauley MS. Hypersialylation in Cancer: Modulation of
Inflammation and Therapeutic Opportunitie. Cancers (Basel) (2018) 10:207.
doi: 10.3390/cancers10060207

Swindall AF, Londofo-Joshi AI, Schultz MJ, Fineberg N, Buchsbaum DJ,
Bellis SL. ST6Gal-I Protein Expression Is Upregulated in Human Epithelial
Tumors and Correlates With Stem Cell Markers in Normal Tissues and Colon
Cancer Cell Lines. Cancer Res (2013) 73:2368-78. doi: 10.1158/0008-
5472.CAN-12-3424

Liu Z, Swindall AF, Kesterson RA, Schoeb TR, Bullard DC, Bellis SL. ST6Gal-I
Regulates Macrophage Apoptosis via 02-6 Sialylation of the TNFR1 Death
Receptor. ] Biol Chem (2011) 286:39654-62. doi: 10.1074/jbc.M111.276063
Meesmann HM, Fehr E-M, Kierschke S, Herrmann M, Bilyy R, Heyder P,
et al. Decrease of Sialic Acid Residues as an Eat-Me Signal on the Surface of
Apoptotic Lymphocytes. ] Cell Sci (2010) 123:3347-56. doi: 10.1242/
jc5.066696

Jones RB, Dorsett KA, Hjelmeland AB, Bellis SL. The ST6Gal-I
Sialyltransferase Protects Tumor Cells Against Hypoxia by Enhancing
HIF-10. Signaling. J Biol Chem (2018) 293:5659-67. doi: 10.1074/jbc.
RA117.001194

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhou X, Kinlough CL, Hughey RP, Jin M, Inoue H, Etling E, et al. Sialylation
of MUC4beta N-Glycans by ST6GAL1 Orchestrates Human Airway Epithelial
Cell Differentiation Associated With Type-2 Inflammation. JCI Insight (2019)
4:1-17. doi: 10.1172/jci.insight.122475

Samet JM. Tobacco Smoking: The Leading Cause of Preventable Disease
Worldwide. Thorac Surg Clin (2013) 23:103-12. doi: 10.1016/j.thorsurg.
2013.01.009

Collaborators GBDCRD. Prevalence and Attributable Health Burden of
Chronic Respiratory Diseases, 1990-2017: A Systematic Analysis for the
Global Burden of Disease Study 2017. Lancet Respir Med (2020) 8:585-96.
doi: 10.1016/52213-2600(20)30105-3

Soler-Cataluna JJ, Martinez-Garcia MA, Roman Sanchez P, Salcedo E,
Navarro M, Ochando R. Severe Acute Exacerbations and Mortality in
Patients With Chronic Obstructive Pulmonary Disease. Thorax (2005)
60:925-31. doi: 10.1136/thx.2005.040527

Chacko BK, Scott DW, Chandler RT, Patel RP. Endothelial Surface N-Glycans
Mediate Monocyte Adhesion and are Targets for Anti-Inflammatory Effects of
Peroxisome Proliferator-Activated Receptor Gamma Ligands. J Biol Chem
(2011) 286:38738-47. doi: 10.1074/jbc.M111.247981

McDonald KR, Hernandez-Nichols AL, Barnes JW, Patel RP. Hydrogen
Peroxide Regulates Endothelial Surface N-Glycoforms to Control
Inflammatory Monocyte Rolling and Adhesion. Redox Biol (2020)
34:101498. doi: 10.1016/j.redox.2020.101498

Joshi AA, Lerman JB, Aberra TM, Afshar M, Teague HL, Rodante JA, et al.
GlycA Is a Novel Biomarker of Inflammation and Subclinical Cardiovascular
Disease in Psoriasi. Circ Res (2016) 119:1242-53. doi: 10.1161/CIRCRESAHA.
116.309637

Reily C, Stewart TJ, Renfrow MB, Novak ]. Glycosylation in Health and
Disease. Nat Rev Nephrol (2019) 15:346-66. doi: 10.1038/s41581-019-0129-4
Pavic T, Dilber D, Kifer D, Selak N, Keser T, Ljubicic D, et al. N-Glycosylation
Patterns of Plasma Proteins and Immunoglobulin G in Chronic Obstructive
Pulmonary Disease. | Transl Med (2018) 16:323. doi: 10.1186/s12967-018-
1695-0

Komaromy A, Reider B, Jarvas G, Guttman A. Glycoprotein Biomarkers and
Analysis in Chronic Obstructive Pulmonary Disease and Lung Cancer With
Special Focus on Serum Immunoglobulin G. Clinica Chimica Acta (2020)
506:204-13. doi: 10.1016/j.cca.2020.03.041

Reeves EP, Dunlea DM, McQuillan K, O’'Dwyer CA, Carroll TP, Saldova R,
et al. Circulating Truncated Alpha-1 Antitrypsin Glycoprotein in Patient
Plasma Retains Anti-Inflammatory Capacit. J Immunol (2019) 202:2240-53.
doi: 10.4049/jimmunol.1801045

Kolarich D, Turecek PL, Weber A, Mitterer A, Graninger M, Matthiessen P,
et al. Biochemical, Molecular Characterization, and Glycoproteomic Analyses
of Alpha(1)-Proteinase Inhibitor Products Used for Replacement Therapy.
Transfusion (2006) 46:1959-77. doi: 10.1111/j.1537-2995.2006.01004.x

Lowe KE, Regan EA, Anzueto A, Austin E, Austin JHM, Beaty TH, et al.
COPDGene(®) 2019: Redefining the Diagnosis of Chronic Obstructive
Pulmonary Diseas. Chronic Obstr Pulm Dis (2019) 6:384-99. doi: 10.15326/
jcopdf.6.5.2019.0149

Singh D, Agusti A, Anzueto A, Barnes PJ, Bourbeau J, Celli BR, et al. Global
Strategy for the Diagnosis, Management, and Prevention of Chronic
Obstructive Lung Disease: The GOLD Science Committee Report 2019. Eur
Respir J (2019) 53:1-12. doi: 10.1183/13993003.00164-2019

Graham BL, Steenbruggen I, Miller MR, Barjaktarevic IZ, Cooper BG, Hall
GL, et al. Standardization of Spirometry 2019 Update. An Official American
Thoracic Society and European Respiratory Society Technical Statemen. Am ]
Respir Crit Care Med (2019) 200:¢70-88. doi: 10.1164/rccm.201908-1590ST
Culver BH, Graham BL, Coates AL, Wanger ], Berry CE, Clarke PK, et al.
Laboratories ATSCoPSfPF. Recommendations for a Standardized Pulmonary
Function Report. An Official American Thoracic Society Technical Statemen.
Am ] Respir Crit Care Med (2017) 196:1463-72. doi: 10.1164/rccm.201710-
1981ST

Burge S, Wedzicha JA. COPD Exacerbations: Definitions and Classifications.
Eur Respir ] Suppl (2003) 41:46s-53s. doi: 10.1183/09031936.03.00078002
Krick S, Helton ES, Hutcheson SB, Blumhof S, Garth JM, Denson RS, et al.
FGF23 Induction of O-Linked N-Acetylglucosamine Regulates IL-6 Secretion
in Human Bronchial Epithelial Cell. Front Endocrinol (2018) 9:1-10. doi:
10.3389/fend0.2018.00708

Frontiers in Immunology | www.frontiersin.org

15

July 2021 | Volume 12 | Article 693149


https://doi.org/10.1093/glycob/3.2.97
https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1158/0008-5472.CAN-07-1340
https://doi.org/10.18632/oncotarget.11699
https://doi.org/10.18632/oncotarget.13845
https://doi.org/10.1074/jbc.M114.593392
https://doi.org/10.1093/glycob/cwy065
https://doi.org/10.3892/ol.2019.10458
https://doi.org/10.1002/ijc.31737
https://doi.org/10.1074/jbc.M511826200
https://doi.org/10.1074/jbc.M511826200
https://doi.org/10.1038/s41388-018-0271-7
https://doi.org/10.1038/onc.2017.243
https://doi.org/10.1038/onc.2017.243
https://doi.org/10.1371/journal.pone.0241850
https://doi.org/10.3390/cancers10060207
https://doi.org/10.1158/0008-5472.CAN-12-3424
https://doi.org/10.1158/0008-5472.CAN-12-3424
https://doi.org/10.1074/jbc.M111.276063
https://doi.org/10.1242/jcs.066696
https://doi.org/10.1242/jcs.066696
https://doi.org/10.1074/jbc.RA117.001194
https://doi.org/10.1074/jbc.RA117.001194
https://doi.org/10.1172/jci.insight.122475
https://doi.org/10.1016/j.thorsurg.2013.01.009
https://doi.org/10.1016/j.thorsurg.2013.01.009
https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.1136/thx.2005.040527
https://doi.org/10.1074/jbc.M111.247981
https://doi.org/10.1016/j.redox.2020.101498
https://doi.org/10.1161/CIRCRESAHA.116.309637
https://doi.org/10.1161/CIRCRESAHA.116.309637
https://doi.org/10.1038/s41581-019-0129-4
https://doi.org/10.1186/s12967-018-1695-0
https://doi.org/10.1186/s12967-018-1695-0
https://doi.org/10.1016/j.cca.2020.03.041
https://doi.org/10.4049/jimmunol.1801045
https://doi.org/10.1111/j.1537-2995.2006.01004.x
https://doi.org/10.15326/jcopdf.6.5.2019.0149
https://doi.org/10.15326/jcopdf.6.5.2019.0149
https://doi.org/10.1183/13993003.00164-2019
https://doi.org/10.1164/rccm.201908-1590ST
https://doi.org/10.1164/rccm.201710-1981ST
https://doi.org/10.1164/rccm.201710-1981ST
https://doi.org/10.1183/09031936.03.00078002
https://doi.org/10.3389/fendo.2018.00708
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Krick et al.

ST6GAL1 Regulates IL-6

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Abramoff MD, Magelhaes PJ, Ram SJ. Image Processing With Image.
Biophotonics Int (2004) 11:36-42.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to Image]: 25 Years of
Image Analysis. Nat Methods (2012) 9:671-5. doi: 10.1038/nmeth.2089
Nio-Kobayashi J, Abidin HB, Brown JK, Iwanaga T, Horne AW, Duncan WC.
Cigarette Smoking Alters Sialylation in the Fallopian Tube of Women, With
Implications for the Pathogenesis of Ectopic Pregnancy. Mol Reprod Dev
(2016) 83:1083-91. doi: 10.1002/mrd.22747

Kitazume S, Oka R, Ogawa K, Futakawa S, Hagiwara Y, Takikawa H, et al.
Molecular Insights Into Beta-Galactoside Alpha2,6-Sialyltransferase Secretion
In Vivo. Glycobiology (2009) 19:479-87. doi: 10.1093/glycob/cwp003
Kitazume S, Tachida Y, Oka R, Shirotani K, Saido TC, Hashimoto Y. Alzheimer's
Beta-Secretase, Beta-Site Amyloid Precursor Protein-Cleaving Enzyme, is
Responsible for Cleavage Secretion of a Golgi-Resident Sialyltransferase. Proc
Natl Acad Sci USA (2001) 98:13554-9. doi: 10.1073/pnas.241509198

Uhlen M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A,
et al. Proteomics. Tissue-Based Map of the Human Proteome. Science (2015)
347:1260419. doi: 10.1126/science.1260419

Thul PJ, Akesson L, Wiking M, Mahdessian D, Geladaki A, Ait Blal H, et al. A
Subcellular Map of the Human Proteome. Science (2017) 356:816-20. doi:
10.1126/science.aal3321

Oswald DM, Jones MB, Cobb BA. Modulation of Hepatocyte Sialylation
Drives Spontaneous Fatty Liver Disease and Inflammation. Glycobiology
(2020) 30:346-59. doi: 10.1093/glycob/cwz096

Deng X, Zhang J, Liu Y, Chen L, Yu C. TNF-o. Regulates the Proteolytic Degradation
of ST6Gal-1 and Endothelial Cell-Cell Junctions Through Upregulating Expression of
BACEL. Sci Rep (2017) 7:40256. doi: 10.1038/srep40256

Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, et al. B-
Secretase Cleavage of Alzheimer's Amyloid Precursor Protein by the
Transmembrane Aspartic Protease BACE. Science (1999) 286:735-41. doi:
10.1126/science.286.5440.735

Lin X, Koelsch G, Wu S, Downs D, Dashti A, Tang J. Human Aspartic
Protease Memapsin 2 Cleaves the B-Secretase Site of 3-Amyloid Precursor
Protein. Proc Natl Acad Sci (2000) 97:1456-60. doi: 10.1073/pnas.97.4.1456
Hussain I, Powell D, Howlett DR, Tew DG, Meek TD, Chapman C, et al.
Identification of a Novel Aspartic Protease (Asp 2) as Beta-Secretase. Mol Cell
Neurosci (1999) 14:419-27. doi: 10.1006/mcne.1999.0811

Sinha S, Anderson JP, Barbour R, Basi GS, Caccavello R, Davis D, et al.
Purification and Cloning of Amyloid Precursor Protein Beta-Secretase From
Human Brain. Nature (1999) 402:537-40. doi: 10.1038/990114

51. Jones MB, Nasirikenari M, Feng L, Migliore MT, Choi KS, Kazim L, et al. Role
for Hepatic and Circulatory ST6Gal-1 Sialyltransferase in Regulating
Myelopoiesis. J Biol Chem (2010) 285:25009-17. doi: 10.1074/
jbc.M110.104406

Sugimoto I, Futakawa S, Oka R, Ogawa K, Marth JD, Miyoshi E, et al. B-
Galactoside 02,6-Sialyltransferase I Cleavage by BACEl Enhances the
Sialylation of Soluble Glycoprotein. ] Biol Chem (2007) 282:34896-903. doi:
10.1074/jbc.M704766200

Jones MB, Oswald DM, Joshi S, Whiteheart SW, Orlando R. Cobb BA. B-Cell-
Independent Sialylation of Ig. Proc Natl Acad Sci USA (2016) 113:7207-12.
doi: 10.1073/pnas.1523968113

Irons EE, Lau JTY. Systemic ST6Gal-1 Is a Pro-Survival Factor for Murine
Transitional B Cell. Front Immunol (2018) 9:1-15. doi: 10.3389/fimmu.
2018.02150

Nasirikenari M, Segal BH, Ostberg JR, Urbasic A, Lau JT. Altered
Granulopoietic Profile and Exaggerated Acute Neutrophilic Inflammation
in Mice With Targeted Deficiency in the Sialyltransferase ST6Gal I. Blood
(2006) 108:3397-405. doi: 10.1182/blood-2006-04-014779

Nasirikenari M, Lugade AA, Neelamegham S, Gao Z, Moremen KW, Bogner
PN, et al. Recombinant Sialyltransferase Infusion Mitigates Infection-Driven
Acute Lung Inflammatio. Front Immunol (2019) 10:1-10. doi: 10.3389/
fimmu.2019.00048:1-10

52.

53.

54.

55.

56.

Conflict of Interest: JW receives grant support from Bayer AG, Vertex
Pharmaceuticals, Grifols, Verona Pharma, Mereo BioPharma, and Arcus-MED
to conduct research independent from the work in the current manuscript and has
been a consultant to AstraZeneca, Takeda, and GlaxoSmithKline for projects
unrelated to the content of this work.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Krick, Helton, Easter, Bollenbecker, Denson, Zaharias, Cochran,
Vang, Harris, Wells and Barnes. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

16

July 2021 | Volume 12 | Article 693149


https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1002/mrd.22747
https://doi.org/10.1093/glycob/cwp003
https://doi.org/10.1073/pnas.241509198
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.aal3321
https://doi.org/10.1093/glycob/cwz096
https://doi.org/10.1038/srep40256
https://doi.org/10.1126/science.286.5440.735
https://doi.org/10.1073/pnas.97.4.1456
https://doi.org/10.1006/mcne.1999.0811
https://doi.org/10.1038/990114
https://doi.org/10.1074/jbc.M110.104406
https://doi.org/10.1074/jbc.M110.104406
https://doi.org/10.1074/jbc.M704766200
https://doi.org/10.1073/pnas.1523968113
https://doi.org/10.3389/fimmu.2018.02150
https://doi.org/10.3389/fimmu.2018.02150
https://doi.org/10.1182/blood-2006-04-014779
https://doi.org/10.3389/fimmu.2019.00048
https://doi.org/10.3389/fimmu.2019.00048
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

:\' frontiers
in Oncology

HYPOTHESIS AND THEORY
published: 07 December 2021
doi: 10.3389/fonc.2021.731350

OPEN ACCESS

Edited by:

Heinz Laubli,

University Hospital of Basel,
Switzerland

Reviewed by:

Joy Burchell,

King’s College London,

United Kingdom

Kisung Ko,

Chung-Ang University, South Korea
Joseph John Barchi,

National Cancer Institute (NCI),
United States

*Correspondence:
Charles L. Hitchcock
emerituschuck@gmail.com

Specialty section:

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Oncology

Received: 26 June 2021
Accepted: 25 October 2021
Published: 07 December 2021

Citation:

Hitchcock CL, Povoski SP,

Mojzisik CM and Martin EW Jr (2021)
Survival Advantage Following TAG-72
Antigen-Directed Cancer Surgery in
Patients With Colorectal Carcinoma:
Proposed Mechanisms of Action.
Front. Oncol. 11:731350.

doi: 10.3389/fonc.2021.731350

Check for
updates

Survival Advantage Following TAG-72
Antigen-Directed Cancer Surgery in
Patients With Colorectal Carcinoma:
Proposed Mechanisms of Action

Charles L. Hitchcock'”, Stephen P. Povoski?, Cathy M. Mojzisik? and Edward W. Martin Jr?

" Department of Pathology, College of Medicine, The Ohio State University, Columbus, OH, United States, 2 Division of
Surgical Oncology, Department of Surgery, College of Medicine, The Ohio State University, Columbus, OH, United States

Patients with colorectal carcinoma (CRC) continue to have variable clinical outcomes
despite undergoing the same surgical procedure with curative intent and having the same
pathologic and clinical stage. This problem suggests the need for better techniques to
assess the extent of disease during surgery. We began to address this problem 35 years
ago by injecting patients with either primary or recurrent CRC with '2°l-labeled murine
monoclonal antibodies against the tumor-associated glycoprotein-72 (TAG-72) and using
a handheld gamma-detecting probe (HGDP) for intraoperative detection and removal of
radioactive, i.e., TAG-72-positive, tissue. Data from these studies demonstrated a
significant difference in overall survival data (p < 0.005 or better) when no TAG-72-
positive tissue remained compared to when TAG-72-positive tissue remained at the
completion of surgery. Recent publications indicate that aberrant glycosylation of mucins
and their critical role in suppressing tumor-associated immune response help to explain
the cellular mechanisms underlying our results. We propose that monoclonal antibodies to
TAG-72 recognize and bind to antigenic epitopes on mucins that suppress the tumor-
associated immune response in both the tumor and tumor-draining lymph nodes.
Complete surgical removal of all TAG-72-positive tissue serves to reverse the escape
phase of immunoediting, allowing a resetting of this response that leads to improved
overall survival of the patients with either primary or recurrent CRC. Thus, the status of
TAG-72 positivity after resection has a significant impact on patient survival.

Keywords: colorectal carcinoma, TAG-72, surgery, survival, glycosylation, immunosuppression

INTRODUCTION

On a global basis, colorectal carcinoma (CRC) is ranked third in incidence and second in cancer-
related mortality (1). Of the non-keratinocytic tumors, in the United States, CRC ranks fourth in
overall incidence and second in mortality (2). Approximately 80% of newly diagnosed patients
undergo surgical resection with “curative” intent. However, the patient outcome varies despite
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having the same surgical procedure performed by the same
surgeon and having a tumor with the same morphologic
features and pathologic stage (3). The incidence of recurrent
CRC varies from 20% to 50% of cases following surgery with
curative intent, the majority of which occur within the first 3
years following surgery (4-6). Curative resection of cancer
requires the removal of “all” tumor-involved tissues.
Differences in patient outcomes can arise from a lack of
accurate assessment of the extent of disease by preoperative
imaging (7), surgical exploration (8), pathologic staging (9),
and tumor biology (10). Together, these variabilities result in
an inaccurate evaluation of the individual patient’s prognosis.
This inaccuracy is not a new problem, as evidenced by over 60
years of findings from second-look surgeries for recurrent
disease in otherwise asymptomatic patients (11, 12).

ANTIGEN-DIRECTED CANCER SURGERY

In the late 1980s and 1990s, a series of clinical trials was
undertaken with the goal to improve the surgeon’s ability to
intraoperatively detect and remove tumor-involved tissues from
patients with either recurrent or primary CRC (13, 14). The
studies combined the use of '*’I-labeled murine monoclonal
antibodies (mMoAbs) against the tumor-associated
glycoprotein-72 (TAG-72) antigen and a handheld gamma-
detecting probe (HGDP) for intraoperative detection of TAG-
72-positive tissue. We refer to these studies as TAG-72 Antigen-
Directed Cancer Surgery (ADCS) rather than the previously
described Radioimmunoguided Surgery (RIGS) (15, 16).

In brief, the protocols included blocking the thyroid gland
uptake of '*°I preoperatively. Early studies called for patients to
be injected intravenously with '*’I-anti-TAG-72 mMoAb B72.3,
whereas patients in later studies received '*’I-anti-TAG-72
mMoAbs CC49 or CC83 (15, 16). Serial precordial counts
using the HGDP ensured that an optimal tumor-to-
background ratio occurred before taking the patient to surgery
within 28 days after injection. The surgeon first used traditional
exploration techniques (i.e., inspection and palpation) to explore
the abdomen and pelvis and then declare the findings and
surgical plan. The surgeon then used the HGDP to resurvey

Abbreviations: ADCS, antigen-directed cancer surgery; ARGs, autoradiography
grains; CRC, colorectal carcinoma; DAMPs, damage-associated molecular
patterns; DC, dendritic cell; cDC, conventional dendritic cell; iDC, immature
dendritic cell; mDC, mature dendritic cell; pDC, plasmacytoid dendritic cell; DC-
SIGN, dendritic cell-specific ICAM-3 grabbing non-integrin; H&E, hematoxylin
and eosin; HGDP, handheld gamma detecting probe; IHC, immunohistochemical;
IL, interleukin; MGL, macrophage galactose-type lectin, mMoAb, murine
monoclonal antibody; MHC, major histocompatibility complex; MUC, mucin;
NK, natural killer; OS, overall survival; PAMPs, pathogen-associated molecular
patterns; pStage, pathologic stage; RIGS, radioimmunoguided surgery; SAMPs,
self-associated molecular patterns; TACA, tumor-associated carbohydrate antigen;
TAG-72, tumor-associated glycoprotein-72; TAIR, tumor-associated immune
response; Th, T-helper cell; TME, tumor microenvironment; Tn, GalNAco.1-O-
Ser/Thr or Thomsen-nouveau; STn, Sialylated Tn; Treg, regulatory T cell; Siglecs,
sialic acid recognizing Ig-like lectins.

the pelvis and abdomen, which often led to the detection of
occult (residual) tumors and a change in the surgical plan.

TAG-72 PROTEIN

TAG-72 was originally isolated from xenografts of the human
colon carcinoma cell line LS-174T through binding of a
mMOoAD called B72.3 (17-19). The B72.3-binding isolate was
characterized as a high-molecular weight (>1,000,000 kD)
protein with extensive glycosylation consistent with a mucin.
Further work identified the TAG-72 epitopes recognized by
several of these mMoAbs as different O-linked glycan antigenic
structures (17, 18). B72.3 binds ovine submaxillary mucin, a
glycoprotein rich in the sialyl-Tn (NeuAco2-6GalNAcol-Ser/
Thr, STn) tumor-associated carbohydrate antigen (TACA).
This binding was eliminated by sialidase treatment and
inhibited by both STn and the GalNAcol-Ser/Thr (Tn)
precursor structure. In contrast, mMoAbs to the Thomsen-
Friedenreich (TF) antigen (GalB1-3GalNAco-O-Serine/
Threonine) did not inhibit B72.3 binding (20). Additional
work by Reddish et al. (21) showed that STn-O-serine
dimeric and trimeric clusters were recognized by mMoAb
B72.3 better than the monomeric structure. The finding of
cross reactivity with dimeric Tn-O-serine is consistent with
earlier findings that B72.3 agglutinated red blood cells (22).

The discovery of second-generation mMoAbs to B72.3-
purified TAG-72 demonstrated a series of overlapping but
unique glycan antigenic epitopes (23-25). We subsequently
used this second-generation mMoAb, called CC49, in our
ADCS studies. The glycan antigenic epitope recognized by
CC49 overlaps with that recognized by the B72.3, as it had a
strong reactivity with dimeric STn-O-serine/threonine and less
reactivity with Tn-O-serine dimers; it also lacked reactivity to
monomeric forms of STn-O-serine or Tn-O-serine (21). In
addition, several studies demonstrated that CC49 has a higher
binding affinity for the core-1 sialylated glycan NeuAco:2-
3Galb1-3GalNAc (sTF) than STn (26-29). The fact that both
mMoAbs bind equally to periodate-treated mucins indicates
that the overlapping epitopes do not include the sialic acid
glycerol side chain in its free or O8" or 09’ acetylated
forms (29).

Immunohistochemical (IHC) staining with either mMoAb
B72.3 or CC49 demonstrated TAG-72 expression in various
carcinomas and only in normal secretory endometrium (30-32).
IHC staining and autoradiography (Figure 1) show TAG-72 in the
cytoplasm of CRC tumor cells, in their luminal secretions, and in the
tumor microenvironment (TME). IHC staining demonstrates
TAG-72 dispersed in the plasma membranes of apical, lateral,
and basal surfaces of tumor cell luminal debris (Figures 1A, B).
In addition, TAG-72 occurs in the luminal debris of malignant
glands (Figure 1A). TAG-72-positive secretions are evidenced by
positive IHC staining TAG-72 of mucin lakes in the TME of non-
mucinous and mucinous carcinomas, as well as in cytoplasmic
vacuoles, and luminal CC49 confirms the ITHC staining results with
the respective mMoAb (Figure 1C) (33). Figure 1C depicts the
black silver autoradiography grains (ARGs) representing the
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demonstrates the TAG-72 antigenic epitope in the TME of a CRC.

FIGURE 1 | TAG-72 expression in colorectal adenocarcinoma [colorectal carcinoma (CRC)]. (A) Non-mucinous CRC with murine monoclonal antibody (mMoAb)
CC49 immunohistochemical (IHC) staining (brown) demonstrates TAG-72 in malignant glands and in mucin lakes in the tumor microenvironment (TME) (black
arrows). The malignant gland exhibits TAG-72 expression in the luminal contents (red arrow head), cytoplasmic vacuoles, and the tumor cells’ luminal surface (green
arrow head). (B) Non-mucinous CRC with mMoAb CC49 IHC staining (brown) demonstrates TAG-72 outlining the plasma membrane of the malignant cells. (C)
Black autoradiography silver grains (ARGs) of the injected mMoAb '2°I-CC49 demonstrates '2°1-CC49-bound TAG-72 in cytoplasmic secretory vesicles (red arrows)
in CRC cells as they move from the cytoplasm to the lumen of a malignant gland (black arrows). Below the malignant cells are ARGs in the cytoplasm of dendritic-
shaped cells (blue arrows) in TME. (D) Co-localization of the injected '2°l-mMoAb CC49 (black ARGs) overlapping with the IHC staining (orown) for TAG-72

injected *°I-labeled mMoAb CC49 binding to TAG-72 in secretory
vesicles that are migrating to the apical surface and released into the
lumen of a malignant gland. In addition, ARGs occur in cells and the
extracellular matrix of the TME along the basal surface of the tumor
cells. Figure 1D demonstrates the co-localization of ARGs and IHC
staining of TAG-72 in the TME and cells.

TAG-72 expression in tumor-draining lymph nodes (TDLNs)
is similar to that of the tumor itself (Figure 2). Reactive germinal
centers (Figures 2A-C), sinus histiocytosis, and paracortical
hyperplasia (not shown) are prominent histologic features in
regional and extraregional TDLNs in CRC. In the case of CRC,
TAG-72 localizes to the germinal centers of the TDLNs. IHC
staining and autoradiography commonly demonstrate TAG-72
in a dendritic or eccentric distribution within the germinal
centers (Figures 2A-C). IHC staining with mMoAbs B72.3 or
CC49 demonstrates that TAG-72 expression is similar to that of
other pan-carcinoma antigens in adenocarcinomas (34). In
addition, it is important to note that not all CRC tumors take
up anti-TAG-72 mMoAbs. The mMoAb B72.3 and mMoAb
CC49 localized in 75% and 86% of patients with primary CRC,
respectively. In contrast, mMoAb B72.3 and MoAb CC49
localized in 63% and 97% of patients with recurrent CRC (14).

PATIENT SURVIVAL

The overall survival (OS) data provide direct evidence that using
radiolabeled anti-TAG-72 mMoAbs to intraoperatively
determine the extent of disease had a significant clinical impact
with the removal of all the TAG-72-positive tissue (35-40).
Figure 3 depicts the 5-year OS of 212 patients with primary or
recurrent CRC intravenously injected with mMoAbs '*°1-B72.3
or '°I-CC49 for TAG-72 ADCS (37). The patients were divided
into three groups based on the HGDP evidence of tumor at the
end of surgery. The largest group of 95 (44.8%) patients had
grossly evident tumor and TAG-72-positive tissue remaining
upon completing the surgical procedure (black line).
Carcinomatosis and unresectable liver or lung metastases were
common among the patients with primary CRC in this group.
Patients with recurrent CRC in this group who had unresectable
pelvic, abdominal, and thoracic metastases did not tend to
survive beyond 3 years. In addition, this study demonstrated
that mMoAb '*’I-B72.3 detected the unresectable disease in
patients with recurrent CRC that would have undergone
unwarranted surgery based solely on traditional detection
techniques (36).
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FIGURE 2 | TAG-72 expression in germinal centers of lymphoid follicles in extraregional tumor draining lymph nodes. (A) Immunohistochemical (IHC) staining with
murine monoclonal antibody (mMoAb) CC49 (dark red) demonstrates early polarization (white arrow) of TAG-72 toward the periphery of a germinal center (red circle)
in a reactive lymphoid follicle. (B) Black autoradiography silver grains (ARGs) located in demonstrate the injected °I- mMoAb CC49 in two germinal centers (red and
green circles). TAG-72 distribution varies from an acentric pattern (green arrow) in the germinal center of a reactive lymphoid follicle (green circle) as compared to a
dense circular peripheral pattern in the germinal center (red arrow) of a smaller lymphoid follicle (red circle). (C) mMoAb CC49 IHC staining (brown) and black ARGs
demonstrate co-localization of TAG-72 (white arrows) in an acentric dendritic pattern in a reactive germinal center (red dashed circle).

In stark contrast are the 74 (34.9%) patients with primary or
recurrent CRC who lacked evidence of gross tumor and TAG-72-
positive tissue at the end of surgery (red dotted line). For those
patients with primary CRC, the 5-year OS was independent of
the pathologic stage (38). For patients with recurrent disease, the
5-year survival identified a population of patients who benefitted
from TAG-72 ADCS (13, 14).
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FIGURE 3 | The 5-year overall survival (OS) percentage of patients
undergoing TAG-72 antigen-directed cancer surgery. The 5-year OS of 212
patients with recurrent or primary colorectal carcinoma was injected with
murine monoclonal antibody (MMoAb) '2°-B72.3 or 251-CC49 (37).
Complete removal of all TAG-72-positive tissue provides a highly significant 5-
year OS advantage when compared to those patients with retention of
grossly evident tumor and TAG-72-positive tissue (p < 0.0001) (black line) or
occult TAG-72-positive tissue (no residual grossly evident tumor) (p < 0.0025)
(blue dashed line) upon completion of surgery.

Figure 3 also identifies a group of 43 (20.3%) patients lacking
grossly evident tumor while retaining TAG-72-positive tissue,
consistent with unresected lymph nodes, at the end of surgery
(blue dashed line). A follow-up study identified the recurrent
disease in previously unresected, TAG-72-positive, extraregional
TDLNSs (41). These results demonstrate the clinical implications
of the relationship between TAG-72-positive extraregional
TDLNs and the extent of disease in CRC patients. Overall,
these results indicate that TAG-72 ADCS detects and localizes
occult diseased tissue left behind when only using more
traditional surgical techniques (e.g., inspection and palpation).

Analysis of 92 patients with primary CRC injected with
mMoAb '*’I-CC49 demonstrated a significant difference in the
% OS relative to the presence or absence of residual TAG-72-
positive tissue beyond 5 years, at 10 years (p = 0.002) and 15
years (p = 0.003) (Figure 4) (16). Analysis of OS vs. pathologic
stage (pStage) required grouping patients relative to the absence
of metastatic disease (pStages 0, I, and II) or presence of
metastatic disease (pStages III and IV). As expected, patients
with visceral metastases (pStage IV) were significantly (p = 0.03)
more prevalent among those patients with residual TAG-72-
positive tissue at the end of surgery (16).

ANTIGEN-DIRECTED CANCER SURGERY
AND EXTENT OF DISEASE

Does TAG-72-positive tissue equate with the presence of shed
antigen? The answer to this is yes, and we consider it a significant
component of the extent of disease. TAG-72 circulating in patients
with adenocarcinomas, including CRC, is demonstrated by the
elevated levels of TAG-72 glycoprotein in the serum and effusions
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FIGURE 4 | Overall survival of patients with colorectal carcinoma following
TAG-72 antigen-directed cancer surgery. Ninety-two primary colorectal
carcinoma patients were injected with either murine monoclonal antibody
(mMoAb) "2°1-CC49 or mMoAb '2°1-CC83 (16). There was a significant
difference (p = 0.005) in the proportion surviving between those patients with
no residual TAG-72-positive tissue at the end of surgery (red dashed line) as
compared to those patients where residual TAG-72-positive tissue (blue
dashed line) remained at the end of surgery. The survival rate at 5 years was
70% for those patients without residual tumor (upper red values) as
compared to 32% for patients with residual TAG-positive tissue (lower blue
values). However, there is no significant difference in the survival rate after 10
and 15 years of follow-up.

(42, 43) and by IHC staining demonstrating TAG-72 in tumor
lymphatic vessels (44). TAG-72 in TDLNs co-localizes mMoAb
'*[.CC49 in germinal centers with a crescentic dendritic pattern,
suggestive of a T-helper 2 (Th2) immune response or a central
distribution (Figure 2) rather than the Thl tumor-associated
immune response (TAIR) (11). Together, the TAG-72 ADCS
results (reviewed in 13, 14) and the morphologic data support our
hypothesis that TAG-72 positivity in the tissue equates with the
extent of disease of CRC.

Is TAG-72 ADCS a better predictor of extent of disease than
routine pathologic staging based on conventional surgery? Data
from our ADCS cases point out that the extent of disease extends
beyond what surgeons consider as the normal area of resection.
Tissue involved with tumor often goes undetected by preoperative
imaging, by the surgeon’s visual inspection or manual palpation,
and/or by a lack of exploration. In 41 primary CRC cases, the
surgeon alone identified 45 sites as compared to 153 sites detected
using the HGDP to identify mMoAb 1251.CC49 in the tissue (45). In
a similar comparison in 45 cases of recurrent CRC, conventional
methods identified 116 sites as compared to 184 sites using the
HGDP to identify mMoAb **I-CC49 in the tissue. The percentage
of TAG-72-positive lymph nodes from the area of the gastrohepatic
ligament (66%) and celiac axis (~50%) was similar for both primary
and recurrent cases. The ratio of tumor-involved liver to these three
lymph node-bearing locations was 1:3 and 1:1 in primary and
recurrent cases, respectively. Several non-ADCS studies (reviewed
by 46) identified metastatic CRC in similar lymph node groups, as
noted above, and that removal of these nodes improved patient

outcomes. However, recurrent disease occurred in these areas when
TAG-72-positive tissue was purported to be negative on frozen
sections that remained behind at the end of surgery (41). Similarly,
non-ADCS data demonstrated that lymph node recurrences
outnumber those in the liver and lungs and occur alone or in
combination with distant metastases in over 90% of the 835 cases
that developed recurrent CRC out of the 4,023 patients who
underwent curative surgery (5).

The ADCS results beg the question: Does TAG-72-positive
tissue equate with the presence of metastatic tumor cells? The
answer is controversial. Many TAG-72-positive TDLNs lacked
tumor cells based on routine pathologic studies, indicating that
the answer to this question is no (46, 47). Our results from an
unpublished survey of 599 consecutive TAG-72-positive specimens
from 92 patients with either primary or recurrent CRC suggest that
the answer is no. In non-lymphoid tumor deposits, tumor cells were
present in 92.5% (136/147) of hematoxylin and eosin (H&E)-
stained sections submitted for routine pathologic examination. In
contrast, only 15.7% (71/452) of TAG-72-positive lymph nodes
contained tumor cells. This difference was highly significant (p <
0.00001). These results appear to support the impression that the
lack of tumor cells in TAG-72-positive lymph nodes submitted for
routine histopathology was indicative of false positivity (44, 46-48).
However, numerous variables account for “false-negative” results,
including lymph node size, size and location of the metastasis in the
node, and the number of sections taken (9, 49-52).

Secondly, routine tissue processing, sectioning, and H&E
staining induce errors in sampling and sensitivity. Thirdly, H&E-
negative TAG-72-positive lymph nodes may contain unrecognized
tumor cells because a routine single 4-5-mm section evaluated by
the pathologist represents less than 0.1% of a 1-cm-diameter node
(49). Cytokeratin THC staining studies, with or without step
sectioning, detected tumor cells in otherwise H&E-negative
lymph nodes (49, 51, 52). However, even these studies suffer from
errors in sampling and sensitivity (49). More sensitive flow
cytometry, cell sorting, and RT-PCR studies have identified
tumor cells’ presence in otherwise “H&E-negative” TAG-72-
positive lymph nodes (37, 53-55).

MECHANISMS UNDERLYING SURVIVAL
RESULTS FROM TAG-72 ANTIGEN-
DIRECTED CANCER SURGERY FOR
COLORECTAL CARCINOMA

Aberrant O-Linked Glycosylation of

Mucins in Colorectal Carcinoma

Glycosylation is the predominant posttranslation modification of
cellular proteins and lipids. The complex process of O-linked-
glycosylation of mucins begins with N-acetylgalactosamine
(GalNACc) that is O-linked to either serine (S) or threonine (T)
amino acids on the peptide that serves as the starting point for
addition of sugars to form the precursors of the first four of the
eight core structures (Figure 5) out of the possible. Aberrant O-
glycosylation is a hallmark of carcinomas (56). This process gives
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rise to immunogenic glycans that are collectively refereed as
tumor-associated carbohydrate antigens (TACAs) (57, 58).
Mucins and other glycoproteins concurrently express TACAs,
such as the truncated core Tn, STn, T, and ST, as well as Lewis
(Le) blood group antigens Le”™ and Le"” and their sialylated
glycoforms (59). A given glycoprotein can express multiple
different TACAs (60, 61). The accumulation of Tn, STn, T,
and ST (Figure 5) is a characteristic feature of CRC and other
carcinomas (62). The Tn, ST, and STn containing antigenic
epitopes recognized by mMoAbs to TAG-72 occur early in the
adenoma-carcinoma sequence and tumor progression (63-66).
The accumulation of Tn and STn is associated with a mutation
and with hypermethlyation of the Cosmc gene whose product is
the chaperone protein Core 1 B3GalT-specific molecular
chaperone (Cosmc). Cosmc is required for the proper function
of the Core 1Gal-Transferase enzyme (C1GalT) to synthesize the
T glycan (Figure 5) (67). In addition, Tn and STn accumulate
with the mutation of the gene for N-acetylglucosamine
transferase (C3GnT), which is the only enzyme generating the
core 3 precursor glycan (Figure 5), and its loss is common in
CRC (68). Radhakrishnan et al. (69) observed that
hypermethlyation of the promoter of Cosmc is the “most
prevalent cause” of Tn and STn formation in pancreatic cancer

samples. They used an immortalized keratinocytic cell model to
examine the phenotype roles of these truncated glycans. Their
results demonstrated that truncated O-linked glycans alter cell
adhesion and the RAS signaling pathways leading to cell
proliferation, tissue invasiveness, and decreased apoptosis.
Differences in the expression pattern may well be due to the
presence or absence of such mutations.

IHC staining demonstrates that Tn and STn accumulate in
over 85% of colorectal, pancreatic, and ovarian carcinomas and
over 50% of the carcinomas of the lungs, cervix, esophagus,
stomach, and breasts (23, 57, 70-72). Although aberrant
glycosylation varies with the tumor type, the expression of the
truncated glycans, Tn and T and their sialylated counterparts, is
associated with a poor prognosis for patients with a carcinoma
including CRC (57, 64-66, 72). This correlates with the
observation that aberrant glycosylation, including Tn and STh,
suppresses the TAIR (63, 64).

Tumor-Associated Immune Response

The microenvironments of both the tumor and the TDLNs are a
complex and intricate network of neoplastic, stromal, and
infiltrating immune cells and their products. Through the
interaction of these components, tumor cells progress to
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FIGURE 5 | Formation of Core structures in O-linked glycosylation of mucins. Normal O-linked glycosylation begins with the addition N-acetylgalactosamine
(GalNAc) to a serine or threonine (S/T) amino acid on core protein. Core 1 Gal-transferase (C1GalT), with the help of the COSMC chaperone protein, adds Gal to the
GalNAc-S/T to form the Core 1, which in turn gives rise to Core 2 with the addition of GIcNAc to GalNAc that is catalyzed by Core 2 N-acetylglucosamine
transferase (C2GnT). Core 3 N-acetylglucosamine transferase (C3GnT) is the only enzyme that catalyzes the addition of GIcNAc to GalNAc to form Core 3. Core 4 is
formed by the addition of another GIcNAc to the GalNAc of Core 3. The subsequent addition of sugars to these Cores [i.e., elongation (dash black arrows)] gives rise
to the variable O-glycosylation pattern of mucins. The expression of Tn, STn, T, and ST glycans (red boxes) and loss of Core 3 are often the result of mutations of
the transferase genes (===f) associated with the formation of Cores 1, 2, and 3, and the loss of C2GnT activity is also associated with hypermethylation of the gene
for the chaperone protein SMC. The loss of function of one or more of these enzymes accounts for the presence of TAG-72 antigenic epitopes (red boxes) present in
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acquire the potency to evade ongoing immune responses by
reducing immune recognition, increasing their resistance against
immune attack, and creating an immunosuppressive
tumor microenvironment.

The concept of tumor immunoediting helps explain the role
of immune cells, especially dendritic cells (DCs), in tumor
progression (73, 74). Elimination, or immunosurveillance, the
first of the three “E” processes, equates with an effective TAIR
that eliminates neoplastic cells. Here, the mechanism of
the TAIR “outweighs” those of immunosuppression. The
Equilibrium phase represents a balance between the
mechanisms of elimination and immunosuppression that can
last your years. Escape is the third phase of the immunoediting
process and equates with clinically evident disease and
suppression of the TAIR.

The TAIR is dependent on the ability of immature dendritic
cells (iDCs) to become mature dendritic cells (mDCs) that

Tumor Dr

(4) Maturation

Migration to TDLN
iDC (6)mmC 14
o e
Endocytosis ./' A
[
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(1) DAMPS  ©

Damaged
Tumor Cells

migrate to TDLNs (Figure 6). In the TDLN, DC maturation
gives rise to the three signals needed to activate naive CD4+ and
CD8+ T cells to become effector T cells needed to combat
tumorigenesis. We propose that binding of TACA to iDCs in
the TME and TDLN leads to CRC progression and that the
ability of TAG-72 ADCS to reverse this suppression of the TAIR
accounts for the mechanisms that underlie our results.

Dendritic Cells and the Tumor-Associated
Immune Response

DCs aided by natural killer (NK) cells and macrophages (75) play
a central role in bridging the innate and adaptive immune
responses. Bone marrow precursors give rise to a
heterogeneous group of DC subsets that vary in their
developmental pathway, location, and phenotype (76). The
various subpopulations of DCs are grouped as conventional
(cDC1 and c¢DC2) and plasmacytoid (pDC). These three

ining Lymph Node

@) Crytokines
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INF-y

TGF-B
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FIGURE 6 | Overview of the sequence of events involving dendritic cells in the tumor-associated immune response (TAIR). The TAIR begins with natural killer (NK)
cell and macrophage (not shown) inducing damage of tumor cells that (1) releases damage-associated molecular patterns (DAMPs) into the tumor microenvironment
(2). The DAMPs bind to various types of pattern recognition receptors (PRRs) on immature dendritic cells (iDCs) (3), where their endocytosis leads to activation of iDC
maturation (4). iDC maturation leads to morphologic changes, decreased endocytic activity, migration lymphatics to a tumor draining lymph node (TDLN). Once in the
TDLN, the now mature dendritic cell (mDC) provides the three signals needed for activation of naive T cells. mMDCs are capable of cross-presenting antigens (5) to
both major histocompatibility complex (MHC | and MHC Il) molecules of the surface. Signal 1 (6) is generated by the MHC molecule presentation of the antigen to the
T-cell receptor (TCR) on naive CD 4 or CD8 T cells. Signal 2 is generated by the binding of co-stimulatory molecules CD80/86 on the mDC to CD28 on the naive T
cells (7). Signal 3 is provided o the release of pro-inflammatory cytokines (e.g., IL-2, IL-12, IFN-y) that activate naive CD4+ T-helper (Th) cells to differentiate into
different populations based on the cytokine milieu (red text). These include IL-2 and TGF-B stimulated CD4 regulatory T cells (Treg), and IL-4 stimulated Th2 cells.
However, IL-12 induced differentiation of naive CD4 cells into Th1 cells in the major antitumor effector T cells (8). Activation of naive CD8 by IL-12 and IL-2 leads to
their differentiation into CD8+ cytotoxic T lymphocytes (CTLs). The Th1s and CTLs migrate back to the tumor cells via blood vessels (9). The tumor-associated
immune response (TAIR) involves the Th1 cells activating M1 macrophages (M®), CTL release of perforin and granzyme, and release of IL-2 and TNF-a. that work
together to damage tumor beyond repair.

Frontiers in Oncology | www.frontiersin.org 23 December 2021 | Volume 11 | Article 731350


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hitchcock et al.

TAG-72 Antigen-Directed Cancer Surgery

subsets differ in their expression of pattern recognition receptors
(PRRs), surface markers, cytokine expression, and promotion of
Th1l vs. Th2 vs. Th17 immune responses (77). These
differentiated DC subsets exist functionally as either immature
or mature. Subsets of iDCs are present in all tissues where they
sample their environment for non-self molecules, pathogen-
associated molecular patterns (PAMPs), and damage-
associated molecular patterns (DAMPs) released by damaged
or dead cells (78), as well as self-associated molecular patterns
(SAMPs) (79) that bind to PRRs on iDCs and other antigen-
presenting cells. iDCs primarily take up the bound molecular
patterns by receptor-mediated endocytosis. This binding
activates iDC maturation that leads to morphologic and
phenotype changes and migration to lymph nodes.

Normal Tumor-Associated Immune
Response

In brief (Figure 6), the TAIR, as the first phase of
immunoediting, eliminates neoplastic cells. It begins with
tumor-associated antigens binding to PRRs on resident NK cell
and M1-type macrophages (74). This binding induces tumor cell
apoptosis and lysis that releases DAMPs into the TME. DAMPs
bind to various PRRs that include carbohydrate-binding lectins
and Toll-like receptors on iDCs and macrophages. The resulting
activation of iDCs, primarily cDCls (80), leads to a cascade of
events leading to a pro-inflammatory TAIR (81). Activation of
iDCs begins with phagocytosis or receptor-mediated endocytosis
resulting in DC maturation and migration to TDLNs (82). Balan
and Bhardwaj (83) postulated that, once in the TDLN, the now
mDCs may transfer antigen-containing vesicles to resident cDC1
and c¢DC2 cells. The migrated mDCs and the resident DC
subpopulations provide naive T cells with the three signals
needed for their activation. Signal 1 is the cross-presentation of
antigens bound to both major histocompatibility complex
(MHC) I and MHC II molecules. MHC I-bound antigens are
presented to naive CD8+ T cells by resident DCs and cDCls (80,
84), while resident counterparts of ¢cDC2s and cDCls present
antigen via MHC II molecules to naive CD4+ T cells (75, 85, 86).
Signal 2 is generated by the binding of the CD80/86 co-
stimulator molecules on mDCs to CD28 co-stimulator
molecules of naive T cells. Signal 3 is provided by the release
of various pro-inflammatory cytokines, the type of which is
dependent on the antigen presented by the mDC. These
cytokines include interleukin 12 (IL-12), primarily by ¢DCls,
as well as interferon gamma (IFN-y), transforming growth factor
beta (TGF-P), IL-4, and IL-10 that activate naive CD4+ Th cells
to differentiate into different populations of effector CD4 Th cells
based on the cytokine milieu (73, 86). IL-2 and IL-12 provide
Signal 3 for activation of CD8+ cells. The effector T cells—CD8+
cytotoxic T lymphocytes (CTLs) and CD4+ T cells—in a Thl
response migrate back to the nascent tumor TME. In the TME,
the CD8+ cytotoxic T cells release IFN-y as well as perforin and
granzyme that lyse the tumor cells. Thl cells release pro-
inflammatory cytokines support CTL and M1 macrophages
provide cytokines for CTLs and M1 macrophage functions.
Together, these three cells, among other cells in the TME,

damage tumor cells, releasing DAMPs that start the process
over again (86, 87).

Tumor-Associated Immune Response
Immunosuppression in Colorectal
Carcinoma

We propose that the interaction of TACAs with innate immune
cells plays a central role in the escape phase of the immunoediting
characterized by the suppression of the TAIR. The tumor-
associated glyco-code correlates with the heterogeneous
expression patterns of Tn, STn, and ST and other TACA ligands
on glycoproteins and glycolipids of cancer cells and their association
with patient prognosis and binding to carbohydrate-binding
receptors (i.e., lectins) on the cells of the innate and adaptive
immune responses (Table 1) (60, 88). Our hypothesis centers on
the impact this binding has on the CRC-related TAIR.

Tumor-Associated Carbohydrate
Antigen-Associated Lectins

Lectins are carbohydrate-binding proteins that occur on the
surface of every cell. Binding of PAMPs by the various types of
lectins on leukocytes is critical to the mounting immune
response to pathogens (89, 90). Similarly, lectins binding to
DAMPs in the form TACAs are critical to mounting a TAIR.
The critical lectins on leukocytes that bind TAG-72-associated
TACAs in CRC include Sialic Acid Recognizing Ig-like Lectins
(Siglecs), the C-type lectin Macrophage Galactose-type Lectin
(MGL), and Dendritic Cell-Specific ICAM-3 Grabbing Non-
Integrin (DC-SIGN). This binding on iDCs, NK cells, and
macrophages leads to the suppression of the TAIR in CRC. The
terminal sialic acids on various TACAs, including STn, ST, and
mono- or di-sialylated Le*® and Le"™ glycans, bind to the single
carbohydrate recognition domain of Siglecs on DCs, macrophages,
NK cells,and monocytes (91, 92). MGL, expressed on both DCs and
macrophages, is specific for GalNAc on both Tn and STn (93, 94)
(Figure 7). DC-SIGN lectins on DCs and macrophages bind high
mannose and fucose carbohydrates of non-sialylated Lewis antigens
Le*® and Le”™ on carcinoembryonic antigen (CEA) and other
glycoproteins (95-97).

The amount of sialylated glycans on the surface of normal
cells far exceeds that of pathogens, and because of this, sialylated
glycans are self rather than non-self glycans (SAMPs) that bind
Siglecs (79). Leukocytes are the principal carriers of one or more
of the 14 functional human Siglecs. Siglecs recognize terminal
sialic acids on glycoproteins and glycolipids in a linkage-specific
manner (88, 98-100). The single carbohydrate-receptor domain
of Siglecs may bind a sialic acid on another glycan on the same
cell (cis-binding) or to another cell or extracellular glycan (trans-
binding) (92). Siglecs divide into two groups based on their
amino acid sequence and chemical phylogeny—CD33-related or
non-CD33-related (91). The CD33-related Siglecs predominate
on cells of both the innate and adaptive immune responses,
where they either activate or suppress the immune response to
pathogens and self-antigens (99, 101). Inhibitory Siglecs-2, -3,
and Siglecs-5 through 10 have a cytoplasmic tail that contains
an immunoreceptor tyrosine-based inhibitory motif (ITIM).
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TABLE 1 | Colorectal carcinoma (CRC) tumor-associated carbohydrate antigens (ligands) and the lectin-binding cells Tumor-Associated Carbohydrate Antigens (TACA),

Serine/threonine (S/T), N-acetyl-galactosamine (), Sialic Acid (‘), Galactose (

), Fucose ( A), N acetyl-glucosamine _), Radicals — (i.e., carbohydrates) closer to

the serine/threonine (R), Macrophage Galactose-Type Lectin (MGL), Sialic Acid Recognizing Ig-like Lectins (Siglecs), Dendritic Cell-Specific ICAM-3 Grabbing Non-
Integrin (DC-SIGN), Macrophage (M®), Immature Dendritic Cell (iDC), Monocyte (Mono), Natural Killer (NK) Cell.
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Lectins Lectin-Carrying Cells
MGL iDC, M®
Siglecs iDC, M®, Mono, NK
MGL
Siglecs iDC, M®, Mono, NK
DC-SIGN iDC, M®

DC-SIGN iDC, M®
Siglecs

DC-SIGN iDC, M®

The cytoplasmic tail of Siglecs-14, -15, and -16 contains an
immunoreceptor tyrosine-based activation motif (ITAM), while
Siglecs-1 and -4 lack both (91).

The relative expression of Siglecs on circulating conventional
dendritic cells (¢cDCs) (Siglecs-2, -3, -7, -9, and -15),
plasmacytoid dendritic cells (pDCs) (Siglec-1 and Siglec-5),
and macrophages (Siglecs-1, -3, -8, -9, -11, -15, and -16) in a
steady state will change based on environmental triggers (92).
NK cell subpopulations express Siglecs-7 and -9, and monocytes
and their derived DCs and macrophages express Siglecs-1, -3, -7,
-9, and -10 (60, 100). ITIM-carrying Siglecs suppress the TAIR,
thus serving as a critical immune checkpoint (60, 92, 102) . Also,
subsets of T cells express the inhibitory Siglecs-9 and -10 (103).
In CRC, the terminal sialic acid residues on STn, ST, SLe*%, and
SLe”® TACA primarily bind to the single carbohydrate
recognition domain of Siglecs-3, -7, and -9 on iDCs,
macrophages, monocytes, and NK cells and by Siglec-15 on
tumor-associated macrophages (TAMs).

MGL (CD301) is a C-type lectin that binds explicitly terminal
o- and PB-linked galactose and N-acetyl-galactosamine
carbohydrates on both Tn and STn TACAs in CRC (104-106).
MGL binding of a TACA leads to trimerization of the
carbohydrate-binding domains followed by endocytosis of the
bound ligand. Conformational changes arising after different
binding ligands may activate different signal pathways and
account for the ability of MGL to distinguish normal tissue
from TACAs (105, 107-109). The expression of MGL is limited
to iDCs and macrophages, where it modulates both the innate
and adaptive immune responses, including the TAIR (110-112).

Like MGL, DC-SIGN (CD209) is a C-type lectin on subsets of
DCs and macrophages (112, 113). DC-SIGN binds fucose (e.g.,
Lewis antigens) and mannose containing glycolipids and
glycoproteins, as well as galactose and glucose to a much weaker
extent. This “ligand-binding promiscuity” may arise from DC-
SIGN’s tetrameric configuration with four independent acting
carbohydrate-recognition domains (95). The presence of terminal
sialic acid blocks this binding. DC-SIGN plays a critical role in viral
infections, especially HIV and bacterial and fungal infections. DC-
SIGN’s cell adhesion role arises from its ability to bind ICAM-2 on
endothelial cells and ICAM-3 on naive T cells (112, 113).

Escaping the Tumor-Associated Immune
Response in Colorectal Carcinoma—A
Cascade of Effects

CRC cells’ ability to escape the TAIR occurs in the
microenvironments of both the tumor and the TDLNs (114,
115). The heterogeneous microenvironments in these locations
contain many factors released by the tumor cells, stromal cells,
and immune cells that suppress the TAIR and promote tumor
cell proliferation and metastasis. CRC mucins and their
associated TACAs play a critical role in this process by binding
to and inhibiting the activity’s various innate immune cells that
suppress the TAIR. Subsets of iDCs, along with subsets of NK
cells, macrophages, and regulatory T cells (Tregs), play a central
role in CRC’s elimination phase. We hypothesize that the various
inhibitory signals arising from the binding of non-sialylated
sugars on TACAs to MGL, DC-SIGN, and sialylated TACAs to
Siglecs on subsets of these innate immune cells have an additive
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FIGURE 7 | Overview of tumor-associated immune response (TAIR) suppression by Tn, STn, and ST. TAG-72-related suppression of the TAIR begins with the
ligands Tn, STn, ST, and SLe* on the TAG-72-positive mucin molecules binding to lectins on immature dendritic cells (iDCs). The sialic acid carbohydrate on ST,
STn, and SLe* bind to Sialic Acid Recognizing Ig-like Lectins (Siglec), while the galactose on Tn and STN binds to Macrophage Galactose-Type Lectin (MGL), and
the fucose of the Lewis antigens (Lex, SLe*, and LeY) bind to Dendritic Cell-Specific ICAM-3 Grabbing Non-Integrin (DC-SIGN). The binding generates variable
inhibitory signal pathways (MGL, yellow arrow; Siglecs, white arrow; DC-SIGN, blue arrow) that suppresses (===f) iDC maturation. Inhibition of iDC maturation inhibits
iDC migration to tumor draining lymph nodes (TDLNs). Function changes including inhibition of the major histocompatibility complex (MHC) molecule expression
(Signal 1), expression of co-stimulatory molecules (Signal 2), and secretion of pro-inflammatory cytokines (e.g., IL-6 and IL-12) (Signal 3) suppress the TAIR.
Concurrently, there is increased release of anti-inflammatory cytokines (e.g., IL-10 and TGF-B) (black curved arrow) that further suppresses the T-helper 1 (Th1) TAIR
and while activating (short black arrow) Th2, Th17, and regulatory T (Treg) cells. Treg activation suppresses the TAIR by further inhibiting iDC maturation (long black
arrow) via cytotoxic T lymphocyte-associated protein 4 (CTLA-4) binding to CD80/86 co-stimulatory molecules and induces Th1 anergy by removing IL-2 from the
environment. The result is suppression of the TAIR.

effect. In CRCs expressing TAG-72, this effect overcomes the  reduced OS in Stage IIT CRC (118, 119). DC-SIGN is primarily
opposing activating signals associated with other DAMPs and  expressed on DCs in TDLNSs (95, 120, 121) where it binds fucose
SAMPs binding to their respective lectins. TAG-72 in the blood ~ on non-sialylated Lewis antigens carried by TAG-72 and other
and lymph nodes suggests that immunosuppression is  ligands such as carcinoembryonic antigen (CEA) (122). These
concurrent in the microenvironments of the tumor and  inhibitory signals combine with Siglecs-3, -7, -9, and -15 binding

TDLNSs (116). to sialylated TACAs, and these binding events have a wide-
ranging impact on the TAIR.

Inhibiting Immature Dendritic Inhibited iDC maturation leads to limited MHC I and MHC II

Cell Maturation expression, leading to the defective presentation of tumor antigens

The binding of TACAs to their respective lectins on iDCs  to naive CD8+ and CD4+ T cells. Concurrently, there is
multiplies the impact of other tumor-derived cytokines and  downregulation of CD80/86 costimulatory molecule expression
factors while inhibiting their maturation. In addition, the  and release of IL-12 and other cytokines needed for T-cell
resulting inhibitory signal modifies activation signals resulting  activation. The result is Thl anergy for tumor antigens. An
from binding DAMPs and SAMPs to other PRRs (95). iDC  increase in the secretion of anti-inflammatory cytokines,
subsets express Siglecs-3, -7, -9, and -15, MGL, and DC-SIGN  including IL-10, TGF-B, and IL-4 promotes the differentiation of
that bind the TACAs carried by the TAG-72 (92, 117). van Vliet ~ Tregs and the Th2 immune response that further suppresses the
etal. (111) demonstrated that the binding of GaNAc on Tn and TAIR (123-125).

STn by MGL on iDCs generated a signal that inhibits iDC

maturation (111). In addition, MGL binding to Tn carried by ~ Regulatory T Cells

CD45 on effector T cells suppresses their activities, further =~ Tregs are CD4+ CD25+ T cells that play a central role in
promotes the escape phase of the TAIR, and is associated with ~ suppressing the TAIR, and their accumulation in the
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microenvironments of the tumor and TDLNs portends a poor
prognosis in CRC (126). Early studies of TAG-72-positive
TDLNs of CRC demonstrated an increase in the CD4+:CD8+
ratio that may well be attributable to an increase in Tregs in these
lymph nodes (53). Treg subsets exhibit overlapping mechanisms
for suppressing the TAIR (127). Tregs express cytotoxic T
lymphocyte-associated protein 4 (CTLA-4) that binds to
CD80/86 on iDCs that further inhibits iDC maturation. Tregs’
high expression of the interleukin-2 receptor (IL-2R-CD25)
consumes IL-2 in the TME and TDLN microenvironment
needed for T-cell proliferation. The lack of IL-2 and
suppression of the co-stimulation signal 2 further lead to Thl
anergy and an increase in the Th2 response. Tregs suppress the
TAIR by release of perforin and granzyme that induces apoptosis
of CD4 and CDS8 effector T cells and by the release of adenosine
triphosphate (ATP) (128).

Tumor-Associated Carbohydrate Antigen
Binding to Natural Killer Cells

and Macrophages

In the case of NK cells, their concentration in the TME of CRCs
appears to be minimal despite the presence of tumor-infiltrating
T cells (129). DC-derived IL-12 secretion promotes NK cell
cytotoxicity and the production of IFN-y. Suppression of iDC
maturation associated with TACA binding to ¢DC1 inhibits the
production of IL-12 (130, 131). Subsets of NK cells express
varying amounts of Siglecs-7 and -9 that bind mono- or di-
sialylated Lewis antigens and STn and ST on mucins (132).
TACA binding inhibits NK cell cytotoxicity and downregulates
the release of the cytokines tumor necrosis factor-alpha (TNF-a),
IFN-y, and granulocyte-macrophage colony-stimulating factor
(GM-CSF) (100, 132, 133).

TAMs are a prominent cellular component of the TME of
CRCs. They predominantly arise from resident macrophages in
the lamina propria of and from circulating monocytes (134). In
general, TAMS are either pro-inflammatory (M1) or anti-
inflammatory (M2). M1 and M2 TAMS differ in their
phenotype and functions; however, individual cell analysis
indicates the TAM subsets go beyond the dichotomous M1/M2
in the extent of phenotypic and functional subsets (135).
Monocytes and macrophages express Siglecs-3, -7, -9, and -15,
MGL, and DC-SIGN binding to TACAs on the TAG-72 positive
glycoprotein (136, 137). The binding of TACAs to their lectins
on M2 TAMs (73) leads to increased secretion of anti-
inflammatory cytokines and chemokines that suppress the
TAIR while supporting tumor angiogenesis, tumor cell
proliferation, and metastasis (138). However, the clinical
implications of the M1:M2 ratio in CRC appear unsettled,
especially when looking at differences in location between the
invasive front and sites deeper in the tumor (139).

Resetting the Tumor-Associated

Immune Response

Immunotherapy joins targeted therapy, surgery, chemotherapy,
and radiation therapy as the main strategies for treating CRC.
The goal of immunotherapy is resetting the TAIR, i.e., reversing

immunoediting (140). Wculek et al. (77) proposed that
modulating DC function be added to the list of
immunotherapeutic strategies that include activating inert T
cells with anti-PD-1, adoptive cellular therapy, CAR-T cell
therapy, and vaccines. Each approach depends on functional
DCs to present tumor antigens to naive T cells. However, clinical
studies directed at TACAs in CRC indicate minimal response
(141, 142). In addition, current targeted therapy and
immunotherapy have the potential of severe side effects and
the development of resistance that are not associated with
curative intent surgical resection. In contrast, TAG-72 ADCS
with curative intent removes the suppressed TAIR-involved
tumor and TDLNs in primary and recurrent CRC. In our
opinion, the '*’I-labeled mMoAbs to TAG-72 do not
themselves reset the TAIR in CRC patients. These mMoAbs
serve as a preferential locator of exposed Tn, STn, and ST
epitopes on the TAG-72 molecules that are bound to receptors
on the cells of the innate and adaptive immune response.

In summary, an accurate assessment of the extent of CRCin a
patient needs to be improved. Intravenous injection of a '*’I-
labeled mMoAD to TAG-72 binds to the antigenic epitope(s) on
both tumor cell and extracellular mucin(s) in the TME. The
intraoperative use of an HGDP provides the surgeon with a tool
to detect tissue inside and outside the normal surgical field that is
involved in the disease process. TAG-72-induced suppression of
the tumor immune response rather than just the presence of
tumor cells is the actual disease process needing correction. This
correction is brought about by removal of all radioactive tissue to
the point there is no detectable radioactivity at the end of surgery.
This allows for the immunoediting tumor immune response to
reset itself to the point of increasing patient survival beyond that
associated with current staging protocols (Figures 3, 4). In
contrast, the inability of removing the radioactive tissue
precludes resetting of the tumor immune response and leads to
recurrent disease and/or decreased patient survival.

DISCUSSION

The last decade saw researchers define the mechanisms
underlying the role of aberrant glycosylation in tumor
invasion, metastasis, and evasion of the immune response.
Publications describing the pattern of aberrant glycans—the
tumor-associated glyco-code—in suppressing the antitumor
immune response caused us to reexamine its possible role in
explaining the results of our long-term survival data using TAG-
72 ADCS for the treatment of patients with primary and
recurrent CRC. Our survival results provide prospective
clinical data supporting the relationship between the pattern of
aberrant glycan expression and patient outcome. Also, our
results highlight the importance of the sialoglycan-Siglec
relationship in TAIR (143) and the concept of a “sialoglycan-
Siglec glyco-immune checkpoint” (144) that TAG-72 ADCS
inhibits. In addition, concurrent MGL bindings to GalNAc on
Tn and STn leading to a Th2 TAIR further supports
our hypothesis.
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As with all hypotheses, there are caveats to consider. The first is
that of the sample size of our clinical studies. Even though we have
safely injected well over 500 patients with mMoAbs to TAG-72, we
have limited follow-up data. The endpoints for our Phase I and
Phase II clinical studies focused on the impact of changing surgeon
behavior in real-time while increasing the accuracy in defining the
extent of disease rather than OS altering the adjuvant therapy
available before 2000. Also, there was a lack of knowledge to ask
the right basic science questions at the time. Secondly, the data
presented here are from only one institute. However, results from
multiple institutions duplicated the stated endpoints of our study;
however, there was no emphasis on obtaining patient survival data.
Thirdly, there is no direct evidence, using human tissue samples,
that our hypothesis is valid. In addition, our theory is based on
results obtained from CRC and may not apply to other carcinomas.
However, TAG-72 ADCS supports and extends the conclusion by
Perdicchio et al. (145) “that reducing sialylation may provide a
therapeutic option to render tumors permissive to immune attack.”
This statement is true not only for CRC but also for similar
carcinomas of gastrointestinal and genitourinary tracts, lungs,
and breasts.

The most important caveat is that TAG-72 ADCS is not a
“silver bullet.” However, our results clearly distinguish
subpopulations of patients who vary in their prognosis.
Reviewing the numbers, only 90% of primary colorectal
adenocarcinomas express TAG-72, only 80% of these patients
undergo surgery with curative intent, and mMoAb CC49
localizes in only 86% of these cases. The result is that
approximately 62% of patients with primary CRC have a
significant chance of improved OS. However, on an annual
basis, that equates to over 1 million patients per year
worldwide and over 95,000 patients in the US who could
benefit from TAG-72 ADCS.

Testing our hypothesis could involve repeating our clinical
studies using one of the humanized fragments of the mMoAb
CC49 developed in the last decade (14, 146-148). There are
many radionuclides that can be used instead of '*°I, but it is
critical to match the antibody’s clearance to that of the
radionuclide. Preoperative imaging techniques provide only
information in the X-Y plane and often miss small lesion. The
use of a '*’I-labeled mMoAb provides in-depth information that
allowed us to detect and then locate tumor-involved tissue within
the liver and in extraregional lymph nodes draining the tumor.
Intraoperative imaging combined with the HGDP further
improves real-time tumor detection and assessment of surgical
resection to ensure the best outcome for the individual patient
(149). In addition to using an HGDP, intraoperative imaging
confirms adequate removal of the TAG-72 tissue and for
accurate sampling of the tissue in the Pathology laboratory
(149). This type of study precludes current robotic and
laparoscopic approaches and requires a thorough assessment
using a gamma detection probe (150). It does not preclude the
use of fluorescence-labeled intact or fragments of monoclonal
antibodies nor does it preclude the use of bilabeled antibodies
(151). Fluorescence-guided surgery is limited by the ability of the
fluorophore’s light to penetrate tissue, which is not a problem for

a radionuclide. However, fluorophores allow for more sensitive
assessment of surfaces (e.g., serosal, tissue margins). These
combined techniques can be used to provide the researcher
with the “correct” tissue for subsequent study possibly by
multicolor fluorescent molecular digital imaging of frozen
sections. The resulting tissue can also be used to establish
patient-derived xenografts (PDXs) in an immunodeficient
mouse model (reviewed in (152) that is best suited to assess
impact role of TAG-72 in suppressing the TAIR.

Our overall goal is to provide clinicians with tumor-specific
information beyond the current staging system to more
accurately stratify CRC patients at the molecular level and
specifically allow for a more case-by-case determination of
the most appropriate cancer-targeted therapies. Such a
further refinement in this concept of oncologic theranostics,
as it relates to TAG-72, other aberrant glycans, and the
resultant TAIR, may well include new innovative and
personalized immunotherapies directed at specific glycan
targets expressed within individual tumors. This innovative
oncologic theranostics would hold significant promise for
improving CRC patients’ care and long-term outcomes (17).
Our results suggest that TAG-72 ADCS will provide the
opportunity to obtain appropriate tissues needed for an
accurate definition of the roles of aberrant glycans, their
lectins, and the specific innate immune cells that express
them on the biology of tumor cells. The goal is to develop
new molecules and methods to inhibit the immunosuppression
associated with aberrant glycosylation.

Our results and those of the authors who wrote the papers
referenced here provide proof of the sageness of Dr. Robert M.
Zollinger, a giant of American Surgery, who stimulated his younger
colleagues with, to paraphrase, “The answer is right in front of you,
but you don’t know enough to see it.” We are still learning.
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Siglecs, a family of receptor-like lectins, recognize glycoproteins and/or glycolipids
containing sialic acid in the extracellular space and transduce intracellular signaling.
Recently, researchers uncovered significant contributions of Siglecs in cancer immunity,
renewing interest in this family of proteins. Previous extensive studies have defined how
Siglecs recognize glycan epitopes (glycotopes). Nevertheless, the biological role of these
glycotopes has not been fully evaluated. Recent studies using live cells have begun
unraveling the constituents of Siglec ligands. These studies demonstrated that
glycoprotein scaffolds (counter-receptors) displaying glycotopes are sometimes just as
important as the glycotope itself. These new insights may guide future efforts to develop
therapeutic agents to target the Siglec — ligand axis.

Keywords: Siglec, ligand, glycotope, counter-receptor, proximity labeling, cell array, genome-wide knockout/
knockdown screening

INTRODUCTION

Siglecs (sialic acid-binding immunoglobulin superfamily lectins) are a family of type-I
transmembrane proteins belonging to the immunoglobulin superfamily (1-5). Most of them are
expressed on one or more subsets of leukocytes, and participate in signal transduction by regulating
the tyrosine phosphorylation/de-phosphorylation cycle of signal transduction molecules. This
regulation is achieved by recruiting tyrosine phosphatase SHP-1 or tyrosine kinase Syk in the
cytoplasm. Recent studies have shown that some Siglecs expressed on killer leukocytes (such as
Siglec-7 on natural killer cells and Siglec-9 on cytotoxic T cells of tumor patients) work similarly to
classical immune checkpoint receptors (e.g., programmed cell death protein-1) (6, 7), and some
others expressed on phagocytes (e.g., Siglec-10 on macrophages) work similarly as canonical “do not
eat me” receptors (e.g., signal-regulatory protein alpha) (8). The functional parallels between Siglecs
and immunomodulatory receptors, particularly regarding cancer immunity, have led to a recent
surge in the interest in Siglecs and their ligands.

As the name implies, Siglecs recognize glycans containing sialic acid. Past extensive
investigations have contributed to the establishment of Siglec glycan recognition specificities (1,
2, 4, 5). Some questions remain, however, such as whether and how these glycan epitopes
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(glycotopes) are displayed on natural glycoconjugates
(glycoproteins and/or glycolipids) and which ligand is most
significant in a given biological context. Affinity purification is
often used to identify the ligand for a lectin. However, the
inherently weak interaction between Siglec and the glycotope
(dissociation constant usually in the order of 10> mol/L) renders
affinity purification ineffective. Recent in vitro studies using
innovative methodologies in chemical biology and/or genetics
are beginning to reveal the Siglec ligand constituents in the
cellular context.

Siglec ligands can be classified into two categories (Figure 1):
Siglec ligands expressed on the same cells that express the Siglec
of interest (cis-ligands), and those on juxtaposing cells
interacting with the cells on which Siglec of interest is
expressed (trans-ligands). If a Siglec ligand is a glycoprotein, it
comprises a glycan epitope being recognized by the Siglec of
interest (glycotope), and the protein backbone that displays
glycotope (counter-receptor).

In this Mini Review, we summarize recent methodological
progress in the identification of physiologically relevant Siglec
ligands in cellular contexts. Additionally, we discuss the
advantages and disadvantages of these new approaches. For a
comprehensive review of Siglec ligands, readers are encouraged
to refer to a recent review (9).

Epithelial cells, leukocytes, etc.

==
|
I
I
I

/ o ':> Glycotope

Counter-receptor 7 ~-

‘ Trans-ligand

Cis-ligand

Qe

o

@

Leukocytes
(killer cells, phagocytes, etc.)

FIGURE 1 | Siglec and Siglec ligand. Most Siglecs are expressed on
leukocytes. The ligands on the same cell that express Siglec are called cis-
ligands, and those on the juxtaposing cells (e.g., epithelial cells and other
leukocytes) are called trans-ligands. Glycoprotein ligands of Siglecs comprise
two constituents: glycotope, which directly interacts with Siglec, and counter-
receptor, which is the protein backbone that displays the glycotope.

METHODOLOGIES TO IDENTIFY
SIGLEC LIGANDS

Affinity Purification With a New Design of
Recombinant Siglec Protein
For affinity purification, one has to prepare a solid phase matrix on
which recombinant Siglec is immobilized, and use it to enrich Siglec
ligand from cell lysate or biological fluid. Traditionally, the protein
fusion “tag” of choice in recombinant Siglecs has been the fragment
crystallizable (Fc) region of human immunoglobulin G (IgG). This
choice is because it facilitates the folding of recombinant protein (thus
increasing the yield). Additionally, the recombinant protein
containing IgG-Fc can be easily purified with protein A resin (10).
Nevertheless, IgG-Fc fusion protein is a homo-dimer (bivalent),
which may not be sufficient to compensate for the low binding
affinity between Siglec and its ligand by multivalency. An alternative
protein fusion tag that allows the formation of a higher oligomer, thus
increasing the “avidity,” may be useful for affinity purification. A
novel protein tag [homo-pentamerization domain of cartilage
oligomeric matrix protein (COMP)] has been adopted for the
production of recombinant Siglec-8 protein, facilitating the
identification of Siglec-8 ligand in the human airway (11). Whether
the pentamer (as formed by COMP oligomerization domain) is
optimal or other oligomer(s) may perform better is unknown as of
yet. Artificially designed helical bundle oligomer tags, forming homo-
tetramer, homo-pentamer, or homo-hexamer (12), may be useful to
researchers endeavoring to answer this question.

A caveat of the affinity purification approach is that it requires
a large amount of recombinant Siglec protein (usually in
multimilligrams) for the preparation of the affinity matrix.
Also, the affinity purification of integral membrane proteins
serving as Siglec ligand requires disruption of the cell
membrane by detergent or chaotropic ion, which inevitably
dissociates cell surface protein complexes. Many Siglec ligands
recently identified via affinity purification are soluble proteins
(11, 13-15), likely because membrane solubilization leads to loss
of the cell surface protein complex, which may be a prerequisite
for Siglec -ligand interaction.

Proximity Labeling

To overcome some of the limitations of the traditional affinity
purification method, several groups have developed methods to
identify Siglec ligands in a cellular context. One approach was to
install a photoreactive sialic acid analog on cell surface
glycoconjugates, followed by cross-linking and immuno-
precipitation of the Siglec of interest. This process is followed by
mass spectrometry-based proteomics to identify proteins that are
cross-linked with the Siglec (16, 17). This approach revealed
biologically relevant ligands for CD22/Siglec-2: CD22 itself as a
major cis-ligand, and surface IgM as a major trans-ligand, of
CD22. However, to apply this method to other Siglecs, one would
have to evaluate whether the reactive group installed on sialic acid
is tolerated by the Siglec of interest. Prior knowledge of the
sialyltransferase responsible for the biosynthesis of the glycotope
recognized by the Siglec may also be required. Hence, a more facile
and versatile method may be needed.
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Recently, some groups (including ours) developed methods to
identify Siglec ligands on the basis of the same chemical
principle: proximity labeling of proteins with short-lived
tyramide radicals generated by peroxidase (18-20). This
chemical principle has been known for decades and adapted
for the enhancement of antibody-binding signals in
immunohistochemical staining [known as catalyzed reporter
deposition or tyramide signal amplification (21)]. However, its
application for the identification of protein interacting partners
(ligands and cluster) was only recently realized (22).

Here, cells expressing the Siglec ligand are incubated with
peroxidase-coupled recombinant Siglec, followed by the addition
of tyramide-based labeling compound (often biotin tyramide)
and hydrogen peroxide. The addition of hydrogen peroxide
generates short-lived tyramide radicals in the vicinity of the
Siglec—peroxidase probe (thus in the vicinity of Siglec ligands)
(Figure 2A). Coupling of peroxidase [horseradish peroxidase
(HRP)] with Siglec can be achieved in one of two ways: by
preparing Siglec—peroxidase fusion protein (19) or by combining
Siglec-Fc with peroxidase-conjugated secondary antibody (18).
Biotin-labeled proteins are purified by affinity purification from
the cell lysate and identified by mass spectrometry-based
proteomics. Studies utilizing this methodology demonstrated
glycophorin A acts as a Sialoadhesin/Siglec-1 counter-receptor
on human erythrocytes (19), and CD44 acts as a counter-
receptor for Siglec-15 on RAW264.7 mouse macrophage cell
line (18).

A variation of this protocol, applicable to the identification of
cis-ligands (Figure 2B), is to use HRP-conjugated (or coupled)

antibody against the Siglec of interest (20). This study yielded
insight on the mechanism wherein CD22/Siglec-2 regulates B cell
signaling. These results complemented results from past studies
(23-26) and the chemical biology-based approach mentioned
above (16). This method may be considered an implementation
of the “selective proteomic proximity labeling using tyramide”
method (27) targeting Siglecs.

Yet another variation of this method is to use another
peroxidase (APEX) fused with the lectin of interest (28, 29).
APEX is an engineered peroxidase developed from cytosolic
ascorbate peroxidase of leguminous plants. It folds well in the
cytosol of mammalian cells (whereas HRP fails to do so) (30, 31).
APEX-galectin-3 fusion protein was used for the identification
of both extracellular and intracellular interaction partners of
galectin-3 (28). This study confirmed known interaction partners
as well as revealed new partners. In principle, Siglec-APEX
fusion protein would also be useful for the identification of
Siglec ligands.

An advantage of the proximity labeling-based ligand
identification approach is that it requires a relatively small
amount of recombinant Siglec (on the order of micrograms).
Additionally, the number of cells required is small (on the order
of 10° cells), making it possible to attempt the identification of
Siglec ligands not only on cell lines but also on primary cells.

Some caveats of this approach may be as follows: [1]
glycolipids are not labeled by tyramide radicals and thus cannot
be identified; [2] some proteins poor in tyrosine, which is the
primary amino acid labeled by tyramide radical (22), may not be
labeled efficiently and thus may not be identified; [3] bystander
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gg%%?g

Trans -ligand* cell
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FIGURE 2 | Proximity labeling method. (A) A workflow to identify trans-ligands. Cells that express Siglec ligand (as revealed by flow cytometry, microscopy, etc.) are
labeled with a recombinant Siglec of interest that is coupled to peroxidase (either as a fusion protein or by way of complexing with a secondary reagent). The cells
are washed and then exposed to biotin tyramide and hydrogen peroxide, which generates short-lived tyramide radicals that diffuse a limited distance from the origin
before reacting with tyrosine residues in the vicinity (or diminish). This limited diffusion distance ensures selective labeling of the proteins in the proximity of the Siglec
ligand, to which the Siglec—peroxidase complex is attached. (B) A workflow to identify cis-ligands. The probe used in this workflow is not recombinant Siglec but a
peroxidase-coupled antibody that recognizes the Siglec of interest. Otherwise, the overall workflow is similar to (A). In fact, the workflow described in (A) can also be
applied for the identification of cis-ligand.
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proteins in the vicinity of true Siglec ligand are also labeled and
identified; [4] some glycoproteins inherently resistant to
proteolysis (such as mucins and mucin-like glycoproteins) may
not be identified easily via mass spectrometry.

Genetically Modified Cell Array

Recent advances in genetic tools, particularly CRISPR/Cas9-
based genetic manipulation tools for gene editing and
silencing, have been applied to modify glycosylation-related
genes. Dr. Henrik Clausen’s group has developed extensive
libraries of cell lines with modified glycosyltransferase genes.
These lines were initially modified with zinc finger nucleases
(32), and more recently with CRISPR/Cas9 (33). A recent
publication from this group revealed the details of glycotopes
recognized by Siglecs and glycosyltransferases involved in their
synthesis. They also described the importance of galactose
sulfation for the generation of glycotope recognized by several
Siglecs (34), which was independently confirmed by another
group (35). For several Siglecs, mucin-like glycoproteins appear
to be effective counter-receptors.

Although this approach is no doubt powerful, it is not without
caveats, as follows: [1] it is labor-intensive to develop and
maintain a comprehensive library of cells comprising several
sublines in which a single gene (or combination of genes) is
disrupted and/or overexpressed; [2] the cell line used as the
platform for the library may not be the best model of the cell type
of interest.

Genome-Wide Knockout/Knockdown
Screening

An extension of the “cell library” approach is to utilize Cas9 and
a single guide RNA (sgRNA) library to prepare an ad hoc library
of gene-disrupted cells in mixture. After library creation, cells
showing reduced (or enhanced) Siglec binding are enriched by
cell sorting. Finally, researchers seek to identify the genes
targeted in the cells (i.e., sgRNA enriched in the cells) that lost
(or gained) Siglec binding. A recent study demonstrated this
approach is feasible for the identification of Siglec ligands (36).
This research revealed that a primary Siglec-7 counter-receptor
on the K562 human erythroleukemia cell line is CD43. It also
revealed that the cluster of O-glycans on the N-terminus of CD43
is important for recognition by Siglec-7. CD43 was
independently confirmed by another group using proximity
labeling as the Siglec-7 counter-receptor (37).

An advantage of this approach is that one can reveal
unsuspected pathway(s) that regulate the expression of Siglec
ligands, providing novel insights into the mechanism regulating
Siglec - ligand interactions as well as possibly revealing a novel
point of intervention for therapeutic applications. A genome-
wide knockout/knockdown screening can, in theory, identify all
the factors that contribute to the expression of Siglec ligands.
Genome-wide screening using primary cells or live animals
[using transgenic mice expressing Cas9 protein (38)] is
possible, although a large amount of sgRNA-coding lentivirus
may be required (39). A weakness of this approach is that it may
not reveal genes essential for Siglec ligand expression in the

presence of redundancy (e.g., multiple counter-receptors,
alternative biosynthetic pathways, etc.).

DISCUSSION

Although significant methodological progress toward the
identification of Siglec ligands in a cellular context has been
made in recent years, there is no single method that applies to all
biological contexts in which Siglecs are involved. A combination
of new and traditional methods (such as glycosylation inhibitors
and glycosidases), along with supportive bioinformatics, may
prove most efficient in identifying biologically relevant ligands
for Siglecs.

Some studies utilizing genome-wide knockout screenings to
identify the genes influencing cancer cell sensitivity to NK cells
(40), cytotoxic T cells (41), and antibody-dependent cellular
phagocytosis by macrophages (42) have revealed some of the
genes involved in the sialic acid biosynthetic pathway. Whether
Siglecs are involved in the observed phenomenon is not clear.
Nevertheless, in-depth analysis of gene lists obtained in these
studies may reveal some interesting pathways influencing cancer
immunoevasion via engaging Siglecs on killer leukocytes
and phagocytes.

Identification of Siglec ligands, particularly counter-receptors,
could lead to novel therapy options. For example, an antibody
that recognizes a counter-receptor carrying a specific glycotope
expressed on cancer cells (an equivalent of checkpoint ligand)
may complement an immunotherapy that targets the cognate
Siglec. One major obstacle in this direction is that, there is no
established method to generate an antibody that recognizes a
glycotope displayed on a specific protein scaffold. Technological
breakthroughs and a platform enabling the development of such
antibodies are highly anticipated (43).
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Sialic acid-binding immunoglobulin-like lectins (Siglecs) are a family of receptors that
recognize sialoglycans — sialic acid containing glycans that are abundantly present on cell
membranes. Siglecs are expressed on most immune cells and can modulate their activity
and function. The majority of Siglecs contains immune inhibitory motifs comparable to the
immune checkpoint receptor PD-1. In the tumor microenvironment (TME), signaling
through the Siglec-sialoglycan axis appears to be enhanced through multiple
mechanisms favoring tumor immune evasion similar to the PD-1/PD-L1 signaling
pathway. Siglec expression on tumor-infiltrating immune cells appears increased in the
immune suppressive microenvironment. At the same time, enhanced Siglec ligand
expression has been reported for several tumor types as a result of aberrant
glycosylation, glycan modifications, and the increased expression of sialoglycans on
proteins and lipids. Siglec signaling has been identified as important regulator of anti-
tumor immunity in the TME, but the key factors contributing to Siglec activation by tumor-
associated sialoglycans are diverse and poorly defined. Among others, Siglec activation
and signaling are co-determined by their expression levels, cell surface distribution, and
their binding preferences for cis- and trans-ligands in the TME. Siglec binding preference
are co-determined by the nature of the proteins/lipids to which the sialoglycans are
attached and the multivalency of the interaction. Here, we review the current
understanding and emerging conditions and factors involved in Siglec signaling in the
TME and identify current knowledge gaps that exist in the field.

Keywords: Siglecs, sialic acids, sialoglycans, tumor microenvironment, immune checkpoint, cancer, immunotherapy

INTRODUCTION

Humans express 14 members of the Sialic acid-binding immunoglobulin-like lectins (Siglecs) that are
divided in two subfamilies based on their sequence similarity and evolutionary conservation. Siglec-1
(also known as sialoadhesin and CD169), Siglec-2 (also known as CD22) Siglec-4 and Siglec-15 have
clear orthologous in mammalian species (1-4). The CD33-related Siglecs (Siglec-3 also known as
CD33, Siglec-5 to -11, -14 and -16) evolved more rapidly among species. These transmembrane
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receptors are mainly present on immune cells, but also on other
cell types such as trophoblasts, myelin-forming cells, and stromal
cells (1, 3, 4). Siglecs bind their ligands via an extracellular N-
terminal V-set domain. Intracellularly, most Siglecs (Siglec-3, -5 to
-9, and -11) harbor a combination of a membrane proximal ITIM
(immunoreceptor tyrosine-based inhibition motif) domain and a
membrane distal ITIM-like domain (1-3). Upon Siglec activation,
this ITIM domain is phosphorylated by Src family kinases.
Phosphorylation subsequently leads to recruitment of SH2-
domain containing phosphatases SHP-1 and/or SHP-2, which
dephosphorylate downstream components of immune stimulatory
pathways, thus inhibiting cellular activation. Interestingly, three
Siglecs (Siglec-14, -15 and -16) do not contain ITIM domains, but
have a positively charged residue in their transmembrane domain
that enables them to complex with ITAM (immunoreceptor
tyrosine-based activation motif) containing adaptor proteins,
such as DAP10 or DAPI2 (2, 3, 5). This leads to recruitment of
protein kinases that can phosphorylate downstream targets,
eventually triggering downstream signaling pathways (1-3, 5).
Besides ITIM- and ITAM-containing Siglecs, Siglec-1 does not
contain known intracellular signaling motifs.

The ligands for the Siglecs are constituted by glycans, highly
diverse biomolecules composed of various monosaccharides that
are linked to membrane bound and secreted glycoproteins,
glycolipids, and as recently suggested also small noncoding
glycoRNAs (3, 4, 6-9). Siglecs selectively recognize glycans that
contain one or more negatively charged sialic acid residues, so
called sialoglycans (1, 6). Sialoglycans are present on virtually
every human cell, but are aberrantly expressed on tumor cells
where they contribute to tumor growth and progression, including

metastasis (10). Interestingly, Siglec expression has been reported
to be enhanced and/or induced on other cells within the TME,
including immune cells (11-16). Concomitantly, the combination
of altered Siglec expression on immune cells and aberrant
sialoglycan expression on tumor cells, could possibly lead to
strong Siglec activation and resulting in immune cell inhibition
within the TME (Figure 1). The enhanced sialoglycans expression
within the TME is clearly described in literature, however, the
evidence that this directly translates into more Siglec ligand
expression and Siglec signaling remains scarce.

The structure and signaling motifs of Siglec receptors show
great resemblance to the well-known inhibitory receptor PD-1
(3, 17) that is used as target in immunotherapy of cancer.
Moreover, Siglecs are often co-expressed on T cells with other
inhibitory receptors, such as PD-1, TIM-3 and LAG-3 (11).
Therefore, the immune inhibitory Siglecs are currently
envisioned as potential immune checkpoint receptors that can
be targeted in cancer (17-20). Despite Siglecs emerging as an
attractive target for cancer immunotherapy, the exact cell and
glycobiological conditions that trigger, regulate and control
Siglec signaling in the TME remain largely elusive. Here, we
will review the current knowledge on factors (co-)determining
Siglec signaling and discuss knowledge gaps regarding this
Siglec-sialoglycan signaling axis focusing on the TME.

SIGLEC EXPRESSION WITHIN THE TME

Siglec family members are expressed by most cell subsets of the
human immune system and by several tissues and cell types

Sialic acid

Myeloid-derived
suppressor cells

T cell
Macrophage

Tumor formation S v
>
T cells

Tumor-associated
macrophages

o

FIGURE 1 | Schematic overview of changes in the Siglec-sialoglycan axis upon tumor formation. Immune cells circulating in healthy tissue express Siglecs and cells
in this environment express ‘normal’ sialic acid (red diamonds) types and levels. Upon tumor development, immune cells infiltrate the TME, such as tumor-associated
macrophages, T cells, and myeloid-derived suppressor cells (and many other types). These immune cells display changed and partially enhanced Siglec expression
levels and can interact with tumor-associated sialoglycans that are formed and often increased as result of altered glycosylation in cancer cells. Siglec-sialoglycan
interactions in the TME can lead to functional modulation of infiltrating immune cells and the anti-tumor immune response.
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outside of the immune system (1-4). Some Siglecs have immune
cell type specific expression and can therefore be used as
differentiation marker such as Siglec-1 that is found mainly on
macrophages, Siglec-2 that is specifically expressed by B cells,
Siglec-3 that marks cells from the myeloid lineage including
microglia cells, or Siglec-8 that is found predominantly on
eosinophils (3, 8). In the TME, focus has been mainly on the
inhibitory Siglecs-7, -9, and -10 as well as the activating Siglec-15.
Siglec-7 and -9 are abundantly present on natural killer (NK)
cells with Siglec-7 being a pan-marker for human NK cells and
Siglec-9 being present on a population of CD56%™ CD16" NK
cells (21). Strong interactions of these Siglecs with synthetic and
natural multivalent sialoglycan ligands appears to be sufficient to
inhibit NK cell activation (22). Accordingly, blocking Siglec-7
and -9 interactions with sialoglycans using monoclonal
antibodies increased killing of several tumor cell lines (K562
and HeLa) by peripheral blood NK cells (21). Another example
of a Siglec-mediated immune modulatory effect was observed in
T cells. Only a small percentage (1-3%) of peripheral blood CD8"
T cells express Siglec-7 and/or Siglec-9 (11, 23). Remarkably,
Siglec-9 expression on CD8+ T cells present in peripheral blood
and tumor tissue of non-small cell lung cancer (NSCLC) patients
is upregulated up to 25% and 40% respectively (11). Similarly,
tumor-infiltrating CD8" T cells in melanoma patients have also
been found to display enhanced levels of Siglec-9 (13).
Functionally, Fab fragments targeting Siglec-9 could modulate
activation and IL-2 production of staphylococcal enterotoxin B
stimulated tumor-infiltrating lymphocytes of primary NSCLC
patients (11). Siglec-9 antibodies could increase cytotoxicity of
healthy donor CD8" T cells against anti-CD3-loaded P815 tumor
cells and enhance IFNy and TNFa production (13). Besides NK
and T cells, immune modulation of Siglec-9 expressing myeloid
cells has also been observed. For instance, Rodriguez et al.
showed that pancreatic ductal adenocarcinoma-derived sialic
acid can cause monocytes to differentiate to macrophages,
which was prevented using anti-Siglec-7 and anti-Siglec-9
blocking antibodies (24).

Siglec-15 has emerged as an interesting target for cancer
immunotherapy (25). Siglec-15 contains a positively charged
residue in its transmembrane domain and is therefore regarded
as an activating Siglec (26). Siglec-15 expression was observed on
tumor-associated macrophages (TAMs) in the TME of human
lung and rectal adenocarcinoma and human hepatocellular
carcinoma (27). The interaction between Siglec-15 expressing
monocytic THP-1 cells and sialyl-Tn expressing H157 human
lung carcinoma cells enhanced TGF-B production. Next to its
expression on myeloid cells, Siglec-15 was observed on stromal
cells and even on tumor cells (28). Siglec-15 expression on tumor
cells was verified by others on several types of cancer, such as
lymphoma, gastric cancer and acute myeloid leukemia (29-31).
Similarly, Siglec-8 has been reported to be expressed by breast
cancer cells (32). Next to that, several Siglecs were found to be
expressed on hematological cancers (33-35). Siglec-6 expression
was observed on acute myeloid leukemia cell lines, primary acute
myeloid leukemia blasts, transformed B-cells in chronic
lymphocytic leukemia (33). Siglec-2 expression on acute

lymphoid leukemia has also been documented and Siglec-3 is
found on blasts in nearly all acute myeloid leukemia patients (34,
35). Besides Siglec expression on immune cells and on tumor
cells, Siglecs might also be expressed within the stromal
compartment, as Siglec-11 expression was found on human
and chimpanzee ovarian stromal cells (36). However, the
influence of the stromal compartment on the Siglec-sialoglycan
signaling axis remains largely unexplored.

Regulation of Siglec Expression
How Siglec expression is being triggered and regulated is still
largely unknown, including the factors contributing to the
enhanced expression in the TME (12). Siglec-10 was found to
be upregulated on CD52" CD4" T cells upon CD3/CD28
activation (37, 38). Therefore, one factor contributing to
enhanced Siglec expression is cellular activation, but this was
not investigated within the TME context. Another way tumor
cells influence Siglec-10 expression on immune cells has been
studied by Li et al. (39). They showed that extracellular vesicles
(EVs) isolated from ascites from epithelial ovarian cancer
patients could induce Siglec-10 expression on Jurkat T cells.
Functionally, treatment of Jurkat T cells with tumor cell derived
EVs inhibited PMA/ionomycin-induced protein kinase C
activity and impaired phosphorylation of tyrosine kinase zeta-
chain-associated protein kinase 70 after activation with anti-
CD3, but direct evidence for Siglec signaling is lacking.
Siglec-15 expression was found to be downregulated by IFN-y
on monocyte-derived macrophages and RAW264.7 cells and to
be dependent on macrophage-colony stimulating factor (28).
Interestingly, also Siglec-1 expression was shown to be
influenced by cytokines, as it could be induced by IFN-o and
IFN-v (40). Moreover, a few studies have observed that immune
suppressive cytokines can influence Siglec expression, which
might explain how the immune suppressive TME affects Siglec
expression on immune cells. For instance, De Saint Jean et al.
(2017) reported that TGF-Bl can enhance Siglec-1, but not
Siglec-5, -7, -9, -10 and -14, expression on monocyte-derived
dendritic cells (41). Nagase et al. did not observe increased
Siglec-1 expression on the monocytic THP-1 cell line by
treatment with TGF-f, but rather after stimulation with IL-1
and TNF-o (42). Another study showed that high-expressing
Siglec-1 peripheral blood mononuclear cells (PBMC) derived
macrophages (CD14" monocytes differentiated with 10% human
AB serum) downregulate Siglec-1 expression upon treatment
with tumor culture supernatant from HepG2 cells and upon
treatment with recombinant human TGF-f, but not with
recombinant human TNF-o or IL-10 (43). Lastly, Calzada-
Wack et al. showed that IL-10 treatment of in vitro cultured
blood monocytes resulted in decreased Siglec-3 expression (44).
Furthermore, it has been shown that Siglec-expressing cells can
also be recruited to the TME, for example the TME of gliomas
can contain many myeloid-derived suppressor cells (MDSCs)
that express Siglecs (45). These data show that both monocytic
MDSCs and polymorphonuclear MDSCs from the glioma TME
express Siglec-3, -5, 7 and -9. Potentially, TME characteristics
such as metabolic shift, hypoxic areas and changes in stromal
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compartment could all affect Siglec expression and signaling in
the TME.

One component that might influence Siglec expression in
general and in the TME in particular is the dynamics of their
recruitment to the membrane, internalization, recycling, and
degradation. Siglec-2 has been shown to be constitutively
endocytosed, and several Siglec receptors (Siglec-1, Siglec-2,
Siglec-3) have been demonstrated to be internalized after ligand
binding or antibody crosslinking, and it was shown that Siglec-2
internalization was controlled by tyrosine residues Tyr (843) or
Tyr (863) in its intracellular ITIM motif (46-52). Phosphorylation
of the ITIM motifs can induce an intracellular pathway that
eventually leads to Siglec degradation. Suppressor of cytokine
signaling 3 and Cbl, a RING finger-containing E3 ligase, can bind
the phosphorylated ITIM of Siglec-3 (51, 53). This leads to
ubiquitination and proteasomal degradation of Siglec-3.

Regarding Siglec recruitment to the membrane, a recent study
by Chen et al. showed that N-glycosylation of Siglec-15 affects its
localization (54). Treatment with a variety of lysosome inhibitors
showed that Siglec-15 was degraded in a lysosome-dependent
manner in Siglec-15 overexpressing HEK293T cells. Moreover,
inhibition of glycosylation using tunicamycin diminished
transportation of Siglec-15 to the cell membrane and promoted
lysosomal degradation of the receptor. Interestingly, this process
was regulated by glucose uptake. As we will touch upon later,
differences in glucose uptake are observed within the hypoxic
TME, so how this affects Siglec expression is an interesting topic
for future studies (55).

A few studies have observed soluble Siglec receptors, indicating
that receptor shedding could contribute to Siglec expression as well.
Ito et al. for instance showed presence of the ectodomain of Siglec-9
in the secretome of serum-free conditioned medium from stem cells
derived from human exfoliated deciduous teeth (56). Moreover,
soluble Siglec-8 has been observed in serum from patients with
different forms of eosinophilia (57). However, the contribution and
effect of Siglec receptor shedding in the TME remains to our
knowledge largely unstudied.

In summary, recent studies support the notion that Siglec
expression on immune cells in the TME is enhanced compared
to normal physiology. These changes in Siglec expression may be
the result of altered cellular signaling and activation, secreted
factors such as EVs and cytokines in the TME, as well as altered
expression, glycosylation, internalization, and degradation
dynamics of Siglecs themselves. In addition, to upregulation of
expression, the enhanced presence of Siglec expressing cells
could also be due to preferential recruitment to the TME.
More detailed investigation is required to understand how
Siglec expression and function is controlled under steady state
conditions and within the TME, including the transcription
factors and epigenetic mechanisms involved.

SIALOGLYCAN LIGANDS FOR SIGLECS
IN THE TME

Both healthy cells and cancer cells generate structurally highly
diverse sialoglycans that are displayed on the cell surface and on

secreted glycoproteins and glycolipids. Early studies already
reported changes in sialoglycan expression during cancer
development and found sialoglycans on multiple distinct cell
types within the TME, including tumor cells and immune cells
(6, 10, 15, 16, 58-60). Sialic acids were described to play a role in
tumor progression, for instance by masking antigens on tumor
cells to prevent immune cell recognition, by avoiding complement
activation, hindering physical interactions with immune cells, and
by functioning as ligand for immunosuppressive Siglecs (10). As
reviewed extensively elsewhere, there are many different ways
employed by tumors to change their glycosylation patterns
including sialic acid levels (15, 61-65). In addition to tumor cells,
Siglec ligands have been observed in the stromal compartment of
the TME. For instance, Siglec-7 and -9 ligands were identified on
human bone marrow-derived mesenchymal stromal cells (66).
Interestingly, Siglec-9 ligands were higher expressed on cancer-
associated fibroblasts than on normal fibroblasts. In mice, Siglec-E
ligands were found on mesenchymal stromal cells in the presence of
tumor conditioned medium and on aortic endothelial cells after
lipopolysaccharide (LPS) treatment (67). Siglec-9 ligands were also
expressed on human aorta and HUV-EC-C endothelial cells at high
glucose levels and Siglec-10 was shown to bind the endothelial
protein VAP-1 (67, 68). However, expression of Siglec ligands on
stromal cells needs further confirmation in vivo.

Printed arrays of synthetic glycans and cell-based arrays have
revealed that the individual Siglec family members have unique
and partially overlapping binding specificities for distinct
‘healthy’ or cancer-associated sialoglycan structures (3, 8, 9,
69-71). However, the binding epitome for all the human
Siglecs and ligand dynamics in the TME is of tremendous
structural diversity and has not been fully mapped (Figure 2).
Arguably, the glycosylation changes in the TME that result in
specific Siglec binding or potentially abrogate binding events
largely determine signaling of inhibitory and activating Siglecs.

It is important to note that the increased sialylation within the
TME is mostly demonstrated with plant lectin staining and gene
expression data of the enzymes involved in the sialylation
pathway. Recombinant Siglec proteins are used to show
whether these changes in sialoglycans also lead to more Siglec
ligand binding, however, data demonstrating how this translates
into more Siglec signaling is lacking or mostly indirect.

Many structural aspects of sialoglycans can contribute to
Siglec binding. Here, we will summarize the current knowledge
on factors implicated in Siglec preferences for specific
sialoglycans and identify factors regulating expression of these
sialoglycans within the TME (Figure 2).

Siglec Binding Preferences for Sialic Acids
All functionally expressed human Siglecs contain a conserved
arginine residue in the V-set domain that forms a salt bridge with
the carboxylate group of sialic acids and is essential for sialic acid
recognition (1, 4). Sequence diversity between the Siglecs further co-
determines their glycan fine binding specificities. The term sialic
acids refers to a large family of related sugar derivatives that share
the same 9-carbon backbone which can undergo extensive natural
modification (6, 72). The four core sialic acids are N-
acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid
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proteins and specific (glycosylated) anchors can provide specific binding context for Siglecs.

(Neu5Gc), 3-deoxy-p-glycero-p-galacto-nonulosonic acid (KDN),
and neuraminic acid (Neu) which can be further altered by
additional modifications (Figures 2A-D) (6). Generally human
Siglecs prefer Neu5Ac, the most abundant sialic acid in human, but
some including human Siglec-2 recognize both Neu5Ac and
Neu5Ge with similar affinity (73-76).

Next to the sialic acid core structure, Siglecs feature specific
preference for how the sialic acid is linked (02-3, 0.2-6, or 02-8
linkages) to underlying glycans. For instance, Siglec-2 has clear
preference for 02-6-linkages, Siglec-9 prefers 02-3-linked sialic
acid, and Siglec-7 seems to have preference for both 02-3 and
02-8 linkages (3, 9, 69, 71, 77) (Figure 2C). Altered expression of
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sialyltransferase enzymes during cancer development could
change the sialic acid linkage types towards one or the other.
For instance, ST6GalNAc-I has been associated with cancer,
which leads to 0.2-6 linked sialyl Tn antigen that has been shown
to be recognized by Siglec-7 (9, 78, 79). Siglec-15 has also been
suggested to bind Sialyl Tn, although a recent study could not
confirm this interaction (9, 26, 80).

Modification of Monosaccharides

Besides the type of the sialic acid core, Siglec binding to its
ligands can be influenced by modification of monosaccharides
within the sialoglycan (Figure 2D) (3, 70). For instance,
galactose 6-O-sulfation has been identified as critical
component for Siglec-3, -5, -8 and -14 binding and 6-O-
acetylation was shown to be important for Siglec-9 binding (9,
81-83). Accordingly, expression of the sulfotransferase CHST1
in HEK293 cells that installs a 6-O-sulfo group to galactose
induced binding of recombinant Siglec-3, -8, and -15 and largely
enhanced Siglec-7 binding (9, 82). In line with this, several
studies showed that Siglec-7 binds the carbohydrate sialyl 6-
sulfo Lewis™ that is expressed by non-transformed colonic cells,
rather than sialyl Lewis®, which is expressed by tumor cells (23,
84, 85). This could result in decreased Siglec activation and
concomitant enhanced inflammation (23). It was demonstrated
that Siglec-7 on macrophages exerts an immunosuppressive
effect upon ligand binding. Besides sulfation, other
modifications have also been described to affect Siglec binding.
For instance, a study that investigated binding of recombinant
Siglec Fc chimeras to biotinylated polyacrylamide probes that
were conjugated to sialylated glycans found that fucosylation of
sialoglycans can reduce Siglec binding (86). Furthermore, sialic
acid O-acetylation has been shown to generally abrogate Siglec
binding to sialoglycans (86, 87). Using CRISPR-Cas9-mediated
knockouts of Sialic acid acetylesterase and Sialic acid
acetyltransferase, a recent study by Grabenstein et al. showed
that Siglec-7, -9, -10 and -11 binding to HCT 116 colon cancer
cells and A549 lung cancer cells was decreased upon knock out of
the Sialic acid acetylesterase (88). Furthermore, knock out of
Sialic acid acetylesterase resulted in enhanced NK cell-mediated
cytotoxicity in colon and lung cancer cells.

These studies suggest that glycan modifications such as
sulfation and acetylation and the regulation of expression and
activity of glycan modifying enzymes in the TME can have a
strong impact on Siglec interactions with sialoglycans. Further
studies into the presence of these modification in the TME
compared to healthy tissue and effects on Siglec signaling
could reveal a major role for glycan modifications in the tumor
immune response.

Influence of Protein/Lipid Context on
Siglec Binding

Sialoglycans are attached to different backbones, such as
proteins/peptides (either N-linked to asparagine or O-linked to
serine or threonine) or lipids (89, 90). Recently Flynn et al.
provided evidence that sialoglycans can be attached to conserved
small noncoding RNAs (7) (Figures 2E, F). Cell surface
glycoRNAs were proposed to specifically interact with Siglec-

11 and -14, but not with Siglec-5 which shares the same V-set
domain sequence with Siglec-14 (7, 91). Siglecs can harbor a very
distinct binding preferences for N- and O-linked sialoglycans
which is presumably mediated by the variable Siglec C-C’ loop
(3, 4, 9, 59, 70, 71). Ligand interactions with Siglec-7, and
probably the other Siglecs, induced conformational changes in
the sialic acid binding site and in the C-C’ loop resulting in
further interactions with the glycosphingolipid core region itself,
indicating that the lipid context is of importance for Siglec-7
binding (92, 93). Furthermore, Siglec-7 binds the two linked
sialic acid residues (Neu5Aco2,8Neu5Aco) and most of the
other sugar moieties of a GT1b analog, demonstrating that not
only the sialic acid monomer is important for binding, but the
underlying glycan as well (93). More Siglec preferences have
extensively been reviewed elsewhere (3, 8). Thus, Siglec binding
is determined by both the context of the protein or lipid
backbone and the structure of the accompanied glycans.

The hypothesis that the protein context is important for Siglec
binding can be demonstrated by two specific ligands, CD24 and
CD52, that were identified for Siglec-10 and which are highly
similar in structure (94-96). Both are relatively small glycoproteins,
consisting of 31-35 (CD24) or 12 amino acids (CD52) (97-99).
They both harbor a glycosylphosphatidylinositol anchor (GPI
anchor) and can be released from the cell membrane by the
action of phospholipases. Interestingly, the GPI anchor,
consisting of a phospholipid tail, a glycan core and a
phosphoetanolamine linker to which the protein is attached,
contains a glycolipid that can be sialylated as well (100-102).
Therefore, CD24 and CD52 are glycoproteins attached to a
glycolipid, which makes their context highly interesting for future
studies. CD24 and CD52 have been shown to complex with
HMGBI, adding even an additional layer of complexity, as
binding of Siglec-10 to CD52 has even been shown to be
enhanced by HGMBI1 (95, 103, 104). Therefore, the context of
the glycoprotein can cause binding by third proteins that influence
Siglec binding. Both CD24 and CD52 have been shown to inhibit
macrophage and T cell immune cell function through Siglec-10
binding (94, 96, 103). Studies showed that the interaction affects a
diverse set of processes, such as phagocytosis by TAMs, Lck and
ZAP-70 phosphorylation in CD4" T cells and cytokine secretion by
activated T cells.

In summary, the protein/lipid context of a Siglec ligand can be
of importance for Siglec binding. At least, we hypothesize that
the protein backbone can provide specific binding context for
Siglecs (Figure 2G) and multivalency for high avidity binding
can be created by dense sialoglycan presentation on a protein
backbone or via dense glycan clusters at the cell membrane,
which we will touch upon later in more detail.

Regulation of Siglec Ligands

A remaining knowledge gap is how expression of specific Siglec
ligands is regulated within the TME. Multiple factors might play
a role here. For instance, the hypoxic environment could
influence glycan composition. Human cancer-associated
gangliosides have been observed to incorporate more Neu5Gc
into their glycans than non-transformed cells (105). Gangliosides
are a special class of glycosphingolipids - glycans attached to a
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ceramide anchor - that contain at least one sialic acid residue
(106). Due to a deletion in the Cmah gene, humans are incapable
of synthesizing Neu5Gc and are dependent on dietary Neu5Gc
(107-109). The increase in ganglioside associated Neu5Gc was
suggested to be associated with the hypoxic environment of
tumors. Potentially, Siglec binding or loss of binding due to
Neu5Gc incorporation can alter signaling in the TME.

Interestingly, hypoxia was shown to induce transcription of
the sialic acid transporter Sialin (SLC17A5), which mediates
transport of external sialic acid into the cell (110). Moreover,
hypoxia was reported to influence expression of sialyltransferases
(111, 112). Therefore, Siglec binding could be influenced by the
hypoxic environment by adjustment of the main type of sialic
acid that is incorporated in sialoglycans, but future studies
should elucidate how this exactly affects Siglec activation.
Besides gene expression, also enzyme activity of for example
specific sialyltransferases could influence incorporation of the
type of sialic acid, although additional research is required to
further study enzyme activity within the TME and its influence
on Siglec activation.

The shift in metabolism that is accompanied with malignant
transformation adds an additional layer to regulation of
glycosylation in the TME (113). HIF-1a is a key player in
regulating cellular energetics within the hypoxic TME as it causes
enhanced glucose uptake, which is not only required to generate
ATP via various biosynthetic pathways, but it is also an important
glycosylation precursor (55, 114, 115). HIF-1a. suppresses the
tricarboxylic acid cycle, ultimately preventing generation of UDP-
N-Acetylglucosamine (UDP-GIcNAc), which is required for N-
glycan branching (116, 117). Besides, hypoxia also influences
sialylation, as it activates biosynthesis of CMP-NeuAc nucleotides
through conversion of UDP-GIcNAc to ManNAc by GNE (118).
This eventually results in enhanced overall cell surface sialylation.
Overall, the changed metabolism that is observed in the TME is
intertwined with aberrant glycosylation patterns, and future
research should elucidate how this specifically affects Siglec
signaling within this hypoxic TME.

Tumor cells have been demonstrated to release EVs able to
modulate immune cell activation in the TME (119). Recently, the
presence of Siglec ligands on EVs has been shown, which could be
an additional manner in which tumor cells influence Siglec ligand
expression within the TME (Figure 3A) (120). For example,
Dusoswa et al. showed that isolated EVs (including exosomes and
small membrane budded vesicles) of glioblastoma cell lines
specifically express ligands for Siglec-9 (120). Moreover, exosomes
derived from ovarian ascites fluid from cancer patients express GD3
on their surface (121). Shenoy et al. reported that expression of GD3
on liposomes inhibits T cell activation in a sialic acid-dependent
way. GD3 has been reported to be a ligand of Siglec-7, which is
expressed on subsets of T cells, and might be activated by GD3
positive exosomes (122-125). These data imply that T cell inhibition
by GD3 can at least in part be Siglec-mediated, but this finding
needs further experimental confirmation.

Another interaction with exosomes has been reported for
Siglec-1 that is expressed on macrophages and dendritic cells.
Siglec-1 is an atypical Siglec, as it has no intracellular signaling

motif and has 16 C2 Ig domains that extend the V-set domain far
away from the cell membrane (1). Although Siglec-1 does not have
intracellular motifs and is mostly described in uptake of 0:2-3-
sialylated proteins or particles, multiple studies have shown that
Siglec-1" macrophages exert immunosuppressive effects (43, 46,
126, 127). Functionally, Siglec-1 expression on macrophages has
been described to be important for antigen transfer to dendritic
cells or T cells (43, 46, 127). An in vivo mouse study demonstrated
that Siglec-1" macrophages in tumor-draining lymph nodes bind
tumor-derived EVs to physically block further dissemination and
subsequent lymphocyte activation (128). Black et al. reported
that Siglec-1 also binds a special type of EVs, apoptotic bodies,
derived from the EL4 lymphoma cell line (129). Importantly, they
showed in vivo that siglec-1”" mice had an increased cytotoxic T
cell response to apoptotic vesicles displaying ovalbumin protein
than wild type C57BL/6. Thus, the data show that Siglec-1
activation could be enhanced by tumor cells secreting EVs
displaying Siglec-1 ligands. However, it remains unknown
whether Siglec-1 ligands are actively incorporated into
membranes of EVs, or whether this is a passive process.
Moreover, many factors regarding Siglec signaling induced by
tumor-derived EVs remain unknown, such as the strength and
kinetics of the activation and how these factors compare to Siglec
activation induced by ligands on tumor cells. Furthermore,
systemic transport of tumor-derived EVs and the resulting effect
of these on Siglec activation outside the TME also requires further
research, as well as the comparison between EVs derived from
tumors and from healthy tissue.

In summary, Siglec ligand expression within the TME can be
affected by various factors, such as hypoxia, its associated change
in metabolism and the secretion of Siglec ligand-containing EVs.
However, additional research is required to elucidate the
contribution of these factors and possible others that have yet
to be determined.

SIGLEC CLUSTERING AND
MULTIVALENT LIGANDS

Immune inhibitory Siglec signaling requires a few steps that are
similar to induction of signaling by PD-1. First of all, PD-1
receptors have been described to require clustering to initiate
signaling and literature now supports the idea that Siglecs require
clustering as well (Figure 3D) (3, 130). Inhibitory Siglecs harbor
ITIM domains like the PD-1 receptors to which kinases get
recruited upon clustering and activation to phosphorylate the
ITIM domains (1, 131). Research has previously shown that
intracellular kinases can locally accumulate at receptor clusters,
which might also be the case for Siglec receptors (132). Lastly,
SHP-1/2 phosphatases are recruited intracellularly to the clusters
and these will cause dephosphorylation of downstream
molecules to inhibit immune cell activation (133). Localization
of the clusters of PD-1 receptors to T cell receptors (TCRs)
enhances efficiency of PD-1 mediated suppression, and this
might also be true for Siglecs and their downstream targets
(130). Here, we will discuss the current evidence for Siglec
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(D) Multivalent ligands are capable of clustering Siglecs to induce signaling, causing an intracellular accumulation of signaling molecules that eventually results in
enhanced immune modulation.

clustering and that multivalent ligands can be bound by clusters
of Siglec receptors.

resulting in cluster formation that inhibits B cell receptor
signaling, which we will discuss in more detail in the section
Siglec binding to cis-ligands (139-142). Another example was

Siglec Clustering given by Ikehara et al., who transfected Jurkat T cells with Siglec-

It has been observed that Siglecs can form foci (such as Siglec-E
on neutrophils) or accumulate at cell-cell contact sites, like the
Siglec-9 accumulation on neutrophils that was observed at
contact sites with LS180 and A549 carcinoma cells (60, 134).
Furthermore, several studies used antibodies to cross-link Siglecs
on the cell membrane to induce a functional effect (135-138). A
typical example that demonstrates the relevance of Siglec
clustering is given by Siglec-2. Siglec-2 binds cis-ligands

7 or -9 and observed clustering and partial co-localization of
these receptors with CD3 of the TCR (125). Subsequently, they
found that Siglec expression leads to reduced phosphorylation of
molecules downstream of the TCR following TCR engagement.

Multivalent Siglec Ligands
The monovalent binding affinity of a Siglec for a sialoglycan
ligand is relatively low (K4 of 100-300 uM) (4, 8, 59). Multivalent

Frontiers in Immunology | www.frontiersin.org

47

December 2021 | Volume 12 | Article 790317


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

van Houtum et al.

Siglec Signaling in the TME

interactions, the simultaneous binding between clustered
receptors and multimeric ligands, increases the binding affinity
between Siglecs and sialoglycans as has been shown for Siglec-2
clusters (143-149). For instance, lipid rafts that contain many
gangliosides can be seen as a multivalent Siglec ligand.
Accordingly, Nicoll et al. reported clustering of unmasked
Siglec-7 on NK cells at the contact site with ganglioside GD3-
synthase transfected P815 cells (150).

Multivalent Siglec ligands can be formed at the cell surface
through clustering of individual sialoglycoproteins or lipids or
are formed by densely glycosylated protein such as the mucins
(151-155). Mucins are a family of large secreted and membrane-
bound glycoproteins consisting for up to 60% of tandem repeat
domains formed by repeating serine, threonine and proline
sequences (156, 157). Both serine and threonine are acceptors
of O-GalNAc-type glycosylation resulting in dense glycosylation
of mucins that can account for up to 80% of their total mass. Gel-
forming mucins such as MUC2 and MUCS5AC form a barrier at
the epithelial surfaces and house the microbiome, and
membrane-bound mucins have many functions in cell
signaling and cellular interactions (157).

CD43 is another example of multivalent Siglec ligand (158,
159). Wisnovsky et al. discovered CD43 as a multivalent ligand
for Siglec-7 on the K562 chronic myeloid leukemia cell line using
a genome-wide CRISPR screen (158). CD43, or sialophorin, is a
mucin-type protein harboring a heavily O-glycosylated
extracellular domain (160, 161). This study showed that CD43
can relocalize Siglec-7 on NK cells to the immunological synapse
with the K562 cells. In parallel, Yoshimura et al. identified CD43
on K562 cells as Siglec-7 binding partner using biochemical
techniques (159).

In summary, binding of Siglecs to their ligands can be
strengthened by multivalent interactions and in line with this,
several multivalent ligands for Siglecs have been identified.

Multivalent Siglec Ligands Present

in the TME

Mucins are overexpressed and aberrantly glycosylated in many
types of cancer (162, 163). Several studies have reported Siglec
binding to (cancer-associated) mucins suggesting that they can
mediate communication between the epithelial surface and the
immune system and that they could alter the anti-tumor immune
response (151-154). For instance, MUCI that is overexpressed in
many cancer types has been reported to interact with Siglec-1
and Siglec-4, mediating adhesion between Siglec-4 expressing
Schwann cells and MUCI expressing pancreatic cells (152, 154).
Beatson et al. reported that the cancer-associated sialyl T
glycoform of MUCI binds with Siglec-9 on myeloid cells and
that this interaction can induce a tumor-associated macrophage
phenotype (151, 164). Sialyl T-MUCI instructed macrophages
secrete soluble factors (IL-6, M-CSF, PAI-1) associated with
tumor progression and display enhanced levels of the
inhibitory receptor PD-L1 (151, 164). Moreover, these mucins
enabled tumor-associated macrophages to inhibit T cell
proliferation. Recently, the interaction of the human Siglecs
with a large panel of recombinant mucins and mucin-like
proteins decorated with defined O-GalNAc-type glycans was

dissected (9). Although Siglec-9 interactions with sialyl T-MUC1
were not confirmed, this study revealed Siglec-4, -7, and -15
interactions with mucins that were largely determined by the
mucin O-glycan pattern and type.

Another multivalent Siglec ligand that has been found on
tumor cells or secreted in the TME is LGALS3BP (Mac-2 binding
protein) (165, 166). LGALS3BP is a heavily N-glycosylated
protein and Siglec-5, -9, and -10 have been shown to bind it
(166). Importantly, recombinant LGALS3BP was demonstrated
to inhibit neutrophil activation and siRNA-mediated reduction
of LGALS3BP expression in HT-29 colon cancer cells increased
neutrophil-induced apoptosis of the HT-29 cells (166).
Interestingly, Koths et al. have shown before that LGALS3BP
can form multimeric complexes (167). These data suggest a role
for complex formation of Siglec ligands to offer a multivalent
Siglec ligand to activate Siglec receptors.

Altogether, Siglecs can accumulate at the cell surface to
induce a functional effect. Multivalent ligands increase binding
affinity between Siglecs and sialoglycans. Classic example of
tumor associated multivalent Siglec ligands are mucins. Smaller
Siglec ligands, such as CD24 for Siglec-10, however, have also
been identified in the TME that are less likely to act as
multivalent ligand (106-108). Potentially, clustering of such
ligands within the cell membrane could result in local
presentation of Siglec ligands in a multivalent manner. In the
same way, glycolipids could possibly organize in lipid rafts to
activate Siglecs on the same cell (cis) as well as on opposing cells
(trans) (59).

It would be interesting to study whether there is a critical
amount of specific interactions and/or Siglec clustering that is
required to trigger Siglec signaling. Also, comparison of the
strength and kinetics of Siglec activation by ligands that either
offer a multivalent or monovalent ligand would contribute to the
current knowledge on Siglec activation by multivalent ligands
and would aid in the rational development of Siglec targeting
therapeutics. We hypothesize that the multivalency of Siglec
ligands can have multiple functions, for example to induce Siglec
clustering and thereby have a functional effect or to outcompete
cis-ligands with a lower affinity. Nevertheless, more research is
required to study these hypotheses and elucidate whether and
how monovalent ligands can activate Siglecs.

THE FUNCTION OF SIGLEC BINDING
TO CIS-LIGANDS

In order for Siglecs to interact with trans-ligands (Figure 3B), for
instance on tumor cells, Siglecs have to be available for binding.
Cells expressing Siglecs also express themselves sialoglycan
ligands on their membrane that can interact in cis thereby
‘masking’ the V-set binding site (59) (Figure 3C). This has
been shown for most Siglecs and potentially lowers the
threshold for Siglec signaling by trans-interactions (45, 150,
168-172). Naturally, masking interactions are overcome by the
dynamic on/off binding of Siglecs with their ligands, in particular
for lower (monovalent) affinity ligands, that enables binding to
higher affinity ligands (1, 4). Noteworthy, masking can also be
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abolished by sialidases or experimentally by treatment with
sialylation inhibitors (17, 173). Furthermore, the C2-set
domain repeats allows orientation of the V-set domain away
from cis-ligands which likely contributes to recognition of trans-
ligands. The 16 C2 Ig domains that orient the V-set domain
of Siglec-1 into the extracellular space were suggested to enable
Siglec-1 to mediate intercellular interactions. Still, interactions
of Siglec-1 with cis-ligands has been observed (168, 174).
However, it remains unknown whether cis-ligands only mask
Siglec-1 or also activate the receptor. Variation in the C2-set
repeat numbers between the Siglecs possibly determines the
sensitivity of individual family members for the cis- and trans-
ligands and also endogenous membrane and secreted sialidases
(e.g. NEU1, NEU3).

Glycosylation changes in the cell have also been suggested to
regulate Siglec binding dynamics for cis- and trans-ligands (169,
175). Masking/unmasking dynamics under physiological
conditions and particularly in the TME and consequences for
signaling and immune regulation is likely of key importance in
Siglec biology.

Effect of Siglecs Binding to Cis-Ligands

One of the main knowledge gaps regarding cis-ligands is whether
Siglecs can only be activated by trans- ligands or also by cis-
ligands. The best studied Siglec receptor in terms of cis-
interactions is Siglec-2, which is a receptor intracellularly
harboring multiple ITIMs, an ITIM-like domain and a Grb2
binding motif (1, 176). Siglec-2 and B cell receptor (BCR) are
present on the membrane as clusters that partially overlap (139).
Co-clustering was found to be highly important for Siglec-2-
mediated inhibition of BCR signaling as increased clustering of
Siglec-2 with the BCR inhibits BCR signaling (139, 177). Siglec-2
is scavenged away from the BCR by cis-ligands on neighboring
sialylated Siglec-2 receptors present on the same cell membrane
leading to enhanced BCR activity (139-142). Collins et al.
demonstrated that Siglec-2 on B cells can redistribute to the
sites of cell contact with other lymphocytes, despite the presence
of cis-ligands (178). This indicates that clustered patterns of
Siglecs have to be tightly regulated and are affected by both cis-
and trans-ligands (140, 141).

Human Siglec-2 has a high affinity for Neu5Ac as sialic acid
and a 6-O-sulfate on the GIcNAc in the underlying glycan (175,
179). When human B cells are activated, the 6-O-sulfotransferases
needed for the Siglec-2 ligands are downregulated. This results in a
decrease in interactions between Siglec-2 and cis-ligands and
therefore Siglec-2 becomes available to inhibit the BCR.
Accordingly, in vivo mouse studies established that mice that
lack the 0:2-6 sialyltransferase St6gall and mice with a mutation of
the critical Arginine in the V-set domain of Siglec-2 both showed
enhanced BCR inhibition. Murine Siglec-2 on B cells has a similar
mechanism to inhibit BCR signaling. Murine Siglec-2 has a
preference for Neu5Gc, rather than Neu5Ac (180). It is
unmasked by downregulation of the hydroxylase that is
responsible for the conversion of Neu5Ac to Neu5Gg, eventually
resulting in a reduction of Siglec-2-cis-interactions and enhanced
BCR inhibition (175, 181). Nevertheless, despite the ability of cis-
ligands to prevent Siglec-2 to inhibit BCR signaling, Siglec-2 is

always able to bind trans-ligands on an opposing cell (178, 182,
183). This interaction causes Siglec-2 to translocate to the
immunological synapse, where it can inhibit BCR signaling
(184, 185).

A recent study by Ballet et al. (2021) has further established
Siglec-2 signaling on B cells induced by cis-ligands (186). Here,
Siglec-2 was shown to associate with B, integrin in a sialic acid-
dependent manner. Next, recruitment of SHP-1 to Siglec-2 was
demonstrated to inhibit 3, integrin endocytosis and restrain f3;
integrin phosphorylation at the cell surface. The B, integrin
complexes with the 0, integrin, and this complex is involved in
homing B lymphocytes to gut-associated lymphoid tissue, where
B cells are being activated. Indeed, the Siglec-2-SHP-1 axis was
shown to enhance B cell homing to the gut-associated
lymphoid tissue.

Another study on Siglec signaling induced by cis-ligands has
recently been performed by Delaveris et al. (2021) (187).
Applying synthetic lipid-tethered glycopolypeptides that
inserted into cell membranes in combination with Forster
resonance energy transfer analysis revealed binding between
Siglec-9 and glycopolypeptides in cis. Strikingly, Siglec-9
binding to ligands in cis reduced LPS-mediated MAPK
signaling, cytokine secretion and phagocytosis in macrophages,
while the same ligand used in trans did not. Of note, these studies
on Siglec interactions with cis-ligands have not been performed
within the context of the TME. Activation of Siglecs by cis-
ligands in the TME therefore remains to be elucidated.

Relevance of Cis-Ligands in the TME
Although it has been established that Siglecs are masked by cis-
interactions, for many Siglecs the biological role of these
interactions is poorly understood. Varki and Angata (2006)
proposed that cis-interactions set a threshold for recognition of
trans-ligands with higher affinity or to monitor sialylation on the
own cell surface (188). Cis-interactions could have a gatekeeper
function blocking insubstantial interactions and signaling enabling
sensing of high affinity or avidity Siglec ligands that lead to a
biologically relevant signaling outcome. Cis-interactions, on the
other hand, may exert baseline signaling which in case of the
inhibitory Siglec members may support a resting state or return to
a resting state after activation. Understanding the physiological
relevance of Siglec cis-interactions and possible signaling requires
further investigation. Likewise, the relevance of Siglec cis-
interactions in the TME is largely unknown.

It is conceivable that tumor-associated trans-ligands
outcompete cis-ligands either due to higher affinity or avidity for
instance. The malignant transformation could potentially guide
expression of specific glycan/glycoprotein or higher expression
levels and clustering of trans-ligands. Altered biosynthesis, or
degradation of cis-ligands on Siglec-expressing immune cells
upon infiltration into the TME could further increase Siglec
activation on immune cells upon encounter with tumor cells.
For instance, it has been reported that T cell activation can result
in a loss of sialylation on core 1-O glycans (189-191). Similarly,
IL-2 stimulation of NK the cell line NK-92 reduced gene
expression of the sialyltransferases ST8SIA1, ST6GALI, and
ST3GALLI, but increased overall 02-6-linked sialic acids and
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poly sialic acid likely due to an increase in the expression of poly
sialic acid carrier molecule NCAM/CD56 (192). Occurrence of
such alterations in glycosyltransferase and sialyltransferase
expression in the TME, but also sialidase expression or changes
in nucleotide sugar metabolism could thus alter cis-ligand
expression. Together with the observed changes in immune cell
phenotype like the enhanced Siglec expression on T cells and
macrophages in response to factors in the TME, this would enable
strong trans-interactions with sialoglycans on tumor cells and
modulate the immune cell function (11, 28, 94). Clearly, multiple
aspects need further investigation to understand how Siglec cis-
interactions in the TME are altered and the biological
effects thereof.

Challenges for the Study of Trans- and
Cis- Siglec Interaction Dynamics

The dynamics of Siglec binding to frans- and cis-ligands is
emerging as a key event in Siglec biology determining their
clustering, signaling and biological effects. Studying these
dynamics, however, is challenging. To study cis-binding-
mediated Siglec activation, studies have installed lipid-
conjugated glycopolypeptides into cell membranes (187, 193,
194). Similarly, to study trans-binding-mediated Siglec
activation, Siglec-ligand containing liposomes have been used
(195-197). However, addition of Siglec ligands in such manners
requires careful interpretation, as this can lead to overexpression
of unnatural sialic acids that can be recognized by Siglecs either
in cis or trans and does not represent a natural situation. Besides,
novel tools have been developed to remove sialic acids from the
cell membrane to assess Siglec binding in either cis or trans
manner. Sialic acid removal from the cell membrane can be
established using sialidase or sialic acid mimetics that can enter
the cell to inhibit sialyltransferases and thereby prevent transfer
of sialic acid onto glycan chains (4, 173).

Nevertheless, altering cellular sialylation by different means
can co-affect other factors. For instance, a recent study by Edgar
et al. has provided an example that abrogation of sialic acid
expression can result in Siglec-independent eftects (198). They
have shown that the costimulatory molecule CD28 on T cells can
bind to sialoglycans in cis and in trans. The interactions of CD28
with cis-ligands limited binding of CD28 to its trans protein
ligands CD80 and CD86 on antigen-presenting cells thereby
negatively affecting co-stimulation. This example illustrates that
also the function of non-Siglec receptors can be affected by
abrogation of sialic acid expression. Moreover, removal of
sialic acids will expose galactose, which can be recognized by
galectins, which can modulate the immune response and affect
tumor development (199). Similar mechanisms may be in place
for other sialoglycan binding receptors, such as factor H and
selectins (6). Furthermore, removal of the negatively charged
sialic acid molecules could affect total charge of the cell and
might therefore affect cellular interactions. Indeed, it was
demonstrated that diminished sialic acid expression caused
enhanced tumor cell killing by cytotoxic CD8" T cells, which
was explained at least in part by increased clustering of the T cells
with tumor cells (200).

Additionally, studies have genetically manipulated the
glycosylation machinery to modify sialylation, for example via
genetic glycoengineering with inducible sialyltransferase
expression to tune Siglec ligand expression (11, 201-203).
However, this might also affect other processes, as Kohnz et al.
have found that knockdown of cytidine monophosphate N-
acetylneuraminic acid synthase, an enzyme required for sialic
acid activation to be incorporated in glycans, affected levels of
more than 200 other gene transcripts including oncogenes (204).

Overall, results have to be carefully interpreted when
interrupting Siglec ligands, as these type of experiments are
likely to have various side effects.

CONCLUDING REMARKS

The Siglec-sialoglycan axis emerges as important regulator of
immune cell-tumor cell interactions in the TME that co-
determines the outcome of tumor immunity (17). Qualitative
and quantitative changes in Siglec ligand expression as well as
Siglec receptors on immune cells in the TME have been linked to
immune evasion. However, unraveling the biological effects and
consequences of Siglec signaling in the TME remains challenging
for several reasons. First, healthy cells and cancer cells can
produce a highly diverse Siglec interactome that is formed by
the sialoglycan structures, their modifications, their display on
particular glycoproteins and glycolipids as well as multivalent
higher order binding patterns created by protein glycosylation
density and ligand clustering. Deducing the specific and
biological meaningful cis- and trans-interactions of each of the
individual Siglec family member is currently ongoing aided by
recent technological advances with recombinant (multimeric)
Siglec probes, proximity labeling approaches, cell-based glycan
arrays, and genome-wide CRISPR screens (9, 22, 158, 173, 205).

Second, the expression patterns and membrane organization
of most Siglecs on immune cells in the periphery and the TME
(and other tissues) are not well understood. Siglec-2 is the best
studied Siglec in that context and shows the importance of cis-
interactions in tuning B cell receptor activation. Siglec-2
interactions with high avidity ligands in trans and downregulation
of cis-ligands result in clustering around the B cell receptor and
potent inhibitory signaling sufficient to block B cell activation (139-
142). The membrane organization and interaction partners,
recruitment to the membrane, internalization and recycling
kinetics of the other Siglecs are less well understood, but should
move more into focus as they likely determine their individual
signaling modes.

Third, still relatively little is known regarding the signaling of
Siglecs and the downstream molecular targets and effects. The
immune inhibitory Siglecs that recruit SHP-1 or SHP-2 after
ITIM phosphorylation are best described, but the molecular and
cellular consequences of their signaling are not fully understood.
Likewise, signaling of the activating Siglecs-14, -15, and -16 via
adaptor proteins needs further dissection as well as other
potential signaling residues (Grb2, Fyn kinase sites). Next to
understanding the consequences of Siglec signaling and their
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integration with other immune signaling pathways, systems to
determine whether ligand binding equals signaling are required.
Studies with Siglec-Fc chimeras inform on binding, but this does
not necessarily correlate with signaling (22). Suematsu et al.
developed a reporter system for direct measurement of Siglec
activation using a receptor consisting of the extracellular Siglec
domains and the transmembrane and intracellular domains of
the CD3( chain (206). Such cell-based assays could allow direct
measurement of Siglec activation in response to a ligand,
measure effects of signaling kinetics with different (multivalent)
ligands, and shed light into signaling through trans- and cis-
ligand binding dynamics.

Finally, further insight into general aspects of Siglec biology is
needed to advance our currently limited understanding of
inhibiting and activating Siglec signaling in the TME and the
role that hypoxia, altered metabolism and cytokines play in
regulating cis/trans-Siglec ligand and Siglec expression that
guide cell-cell communication in the TME. The identification
of Siglecs as important immune checkpoints in the TME implies
that blocking monoclonal antibodies or other strategies to
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Invasive Aspergillosis (IA), typically caused by the fungus Aspergillus fumigatus, is a
leading cause of morbidity and mortality in immunocompromised patients. I1A remains a
significant burden in haematology patients, despite improvements in the diagnosis and
treatment of Aspergillus infection. Diagnosing IA is challenging, requiring multiple factors
to classify patients into possible, probable and proven IA cohorts. Given the low incidence
of 1A, using negative results as exclusion criteria is optimal. However, frequent false
positives and severe |IA mortality rates in haematology patients have led to the empirical
use of toxic, drug-interactive and often ineffective anti-fungal therapeutics. Improvements
in IA diagnosis are needed to reduce unnecessary anti-fungal therapy. Early |A diagnosis is
vital for positive patient outcomes; therefore, a pre-emptive approach is required. In this
study, we examined the sequence and expression of four C-type Lectin-like receptors
(Dectin-1, Dectin-2, Mincle, Mcl) from 42 haematology patients and investigated each
patient’s anti-Aspergillus immune response (IL-6, TNF). Correlation analysis revealed
novel |A disease risk factors which we used to develop a pre-emptive patient stratification
protocol to identify haematopoietic stem cell transplant patients at high and low risk of
developing IA. This stratification protocol has the potential to enhance the identification of
high-risk patients whilst reducing unnecessary treatment, minimizing the development of
anti-fungal resistance, and prioritising primary disease treatment for low-risk patients.

Keywords: CLR, Aspergillus, aspergillosis, fungal immunology, host-pathogen interactions

INTRODUCTION

Invasive aspergillosis (IA) has become a leading cause of death among immunocompromised patients
(1-3). The disease, mainly caused by Aspergillus fumigatus, affects ~ 10% of allogeneic stem cell
transplant (SCT) patients and ~6% of acute myeloid leukaemia (AML) patients. IA is associated with
unacceptably high mortality rates ranging from 30-40% in AML patients and 50-90% in SCT patients

Frontiers in Immunology | www.frontiersin.org 57

December 2021 | Volume 12 | Article 780160


https://www.frontiersin.org/articles/10.3389/fimmu.2021.780160/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.780160/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.780160/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:S.Orr@qub.ac.uk
https://doi.org/10.3389/fimmu.2021.780160
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.780160
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.780160&domain=pdf&date_stamp=2021-12-16

Griffiths et al.

Identification Strategy for Aspergillosis Development

(4-9). IA is particularly prevalent in patients with haematologic
malignancies. This is attributed to the profound immune
suppression and neutropenia brought about by the extensive
therapeutic use of cytotoxic chemotherapies, radiation therapy,
requirement for SCT and the use of corticosteroids and
immunomodulatory therapies (10). Whilst the diagnosis and
treatment of Aspergillus infections is improving, severe IA-
associated morbidity and mortality in haematology patients has
led to the widespread, empirical use of anti-fungal prophylaxis in
this patient group (11, 12). Current anti-fungal therapeutics can be
ineffective, encounter resistance, are poorly tolerated and highly
drug interactive, often impacting patient’s primary cancer
therapies (13).

Improvements in TA diagnostics and the identification of novel
risk factors are required to stratify patients prior to infection and
enhance the early diagnosis of IA, thus providing a personalised
medicine approach that better targets anti-fungal therapy.
Assessing a patient’s IA risk and then accurately and rapidly
diagnosing IA remains challenging. Initially, a patient’s underlying
clinical conditions will govern IA risk, with patients being grouped
into low, medium and high risk cohorts (14). Patients are classified
with possible IA, probable IA and proven IA through the presence
of host factors, and clinical and microbiological evidence.
However, proven IA is often only confirmed post-mortem. A
range of routine mycological investigations are available, both
novel (Aspergillus PCR, galactomannan enzyme immunoassay, 1-
3-B-D-glucan detection) and conventional (culture and
microscopy), and are usually combined with radiology typical of
IA. However, the availability of these tests varies considerably, they
can produce false positive results, some lack sensitivity, are not
always Aspergillus specific, are impacted by anti-fungal therapies,
and can require invasive sampling (15, 16). Therefore, an
improved strategy to promote the rapid and accurate diagnosis
of IA is required.

The accurate, early diagnosis of Aspergillus infection is vital for
positive patient prognosis (17). Whilst the development of more
sensitive assays has improved IA diagnosis, the identification of
novel risk factors that increase IA susceptibility is central to
promoting a personalised medicine approach to anti-fungal
investigations and treatment. Multiple risk-factors for IA have
been identified, many of which are associated with the
haematology patient population. Neutropenia was the first
described IA risk factor and is frequently encountered in
haematology patients following primary disease treatment (18).
Since then, allogeneic stem cell transplantation, graft versus host
disease and respiratory infection have been associated with
increased TA susceptibility (19-21). Whilst the identification of
these risk factors is associated with a higher prevalence of IA in
haematology patients, they do not permit a pre-emptive
personalised medicine approach as these risk factors are
common and often unavoidable.

The identification of genetic risk factors that increase fungal
susceptibility has promoted a pre-emptive approach to determining
haematology patient IA risk. These genetic risk factors can be
routinely screened for and used to inform a patient’s anti-fungal
investigations and therapies (22). Genetic mutations that increase

fungal susceptibility have been found in innate and adaptive anti-
fungal immune components. One of the most important facets of
anti-fungal immunity is the C-type Lectin-like Receptor (CLR)
family. CLRs are pattern recognition receptors that recognise
pathogen associated molecular patterns, specifically carbohydrate
structures present in the fungal cell wall (23). CLRs such as Dectin-1
and Dectin-2 are essential for anti-fungal immunity and recognise
most, if not all, fungal species that cause human disease (24, 25).
Deficiencies in these CLRs have been associated with increased
susceptibility to invasive fungal infection (26-28). Upon fungal
recognition CLRs induce intracellular signalling and drive the
production of cytokines and chemokines, phagocytosis, and
respiratory burst (26, 29). Additionally, CLRs have been shown to
mediate protective Th1 and Th17 immunity during systemic and
mucosal fungal infection (30, 31). Directly determining an
individual’s functional response to fungi through peripheral
blood mononuclear cell (PBMC) functional assays has the
capacity to identify immune deficiencies associated with a wide
array of genetic mutations (including novel mutations) that
predispose the patient to IA.

Stratifying patients according to their IA risk prior to their
primary treatment and immune suppression would permit a
personalised medicine approach and reduce the empirical
prophylactic use of anti-fungal therapies. In this study we
investigated CLR status and anti-Aspergillus immune response for
a small cohort of haematology patients. Samples were collected
from 42 AML and SCT patients. Each patient was screened for
exonic CLR (Dectin-1, Dectin-2, Mcl, Mincle) mutations and their
mRNA expression level was quantified. PBMCs were isolated and
functional assays were performed to determine each patient’s LPS-
and Aspergillus-induced cytokine (IL-6/TNF) response. Each
patient’s CLR status and functional response results were then
associated with the incidence of IA and these results were used to
identify new IA risk factors. Our research describes a novel strategy
that permits the pre-emptive stratification of haematology patients
according to their TA susceptibility and drives a personalised
medicine approach to their anti-fungal therapy.

MATERIALS AND METHODS

Patient Study Information

The clinical research project was undertaken with sponsorship
from Cardiff University, support from the University of Wales
teaching hospital haematology and Public Health Wales
Microbiology departments, and ethical approval from Health
and Care Research Wales (NISCHRC CRC 1351-14). REC
reference 14/WA/1119 and IRAS project ID 151136. Written
informed consent was obtained from all patients in the study.
Whole blood samples were collected from 42 acute-myeloid
leukaemia and stem cell transplant patients upon admission to
hospital for their primary disease treatment. Fungal disease
investigations were undertaken according to local health board
guidelines. Of the 42 patients enrolled in the study, 9 developed
probable IA according to the European Organization for
Research and Treatment of Cancer/Invasive Fungal Infections
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Cooperative Group and the National Institute of Allergy and
Infectious Diseases Mycoses Study Group (EORTC/MSG)
consensus definitions (32). Patient’s primary disease, anti-
fungal treatment and survival are included in Table 1. This
study tracked 42 patient’s fungal disease status and survival from
7" September 2015 until 9™ April 2018. Each patient was
anonymised and assigned a number which was consistent
throughout the study. The results in this study show patients 1
to 43, as the samples from patient 18 were not processed. Not all
assays were undertaken for each patient and statistical analysis
was only completed on patient results that met all investigated
parameters. Therefore, patient numbers throughout results and
analysis vary.

Samples Collected

17.5ml Whole blood was collected from each patient into EDTA
tubes (BD) and 2ml whole blood from was collected from each
patient into PAXgene blood RNA tubes (Preanalytix) following
initial admission to hospital. The 17.5ml whole blood sample was
immediately processed for use in the functional assays. The 2ml
whole blood in PAXgene blood RNA tubes was stored according
to manufacturer’s instructions for up to 6 months before being
processed in batches.

RNA lIsolation

Patient RNA samples were processed in batches of 8 and were
not stored for longer than 6 months at -80°C. PAXgene blood
RNA tubes were equilibrated at room temperature for 2 h
following storage at -80°C before RNA was extracted from the
whole blood within the PAXgene blood RNA tubes according to
the manufacturer’s instructions. The optional DNA digestion
step was completed for every patient sample. Typically, >3ug
RNA was obtained from each patient sample and quantified by
nanodrop (Thermo Scientific). The integrity of extracted RNA
was confirmed by running patient RNA samples on a 1% agarose
gel and visualising the 18S and 28S rRNA bands.

cDNA Generation
Patient RNA was used to generate cDNA using a Quantitect
Reverse Transcription Kit (Qiagen). Typically, 2000ng of cDNA

was generated for each patient at a final concentration of 100ng/
pl for immediate use in Real-Time qPCR. Successful cDNA
generation was confirmed by running patient RNA and cDNA
samples on a 1% agarose gel. The absence of the 18S and 28S
rRNA bands in the ¢cDNA sample indicated successful
cDNA generation.

CLR Gene Expression and Sequencing

Gene expression levels of the CLRs Dectin-1 (CLEC7A), Dectin-2
(CLEC6A), Mcl (CLEC4D) and Mincle (CLEC4E) was
determined by Real-Time qPCR using the Taqman qPCR
Mastermix (Thermo Scientific) and CLR gene-specific primer
and probe sets (Thermo Scientific) detailed in Supplementary
Table 1. 100ng of patient cDNA was used in each CLR qPCR
reaction. Gene expression normalization was performed against
HPRT]I. Patient CLR exon sequences were determined by PCR
amplification of each CLR gene from patient cDNA using the
primers detailed in Supplementary Table 1. CLR DNA was
purified from PCR reaction mixtures using a PCR purification kit
(Qiagen) and sent for sequencing at GATC Biotech.

PBMC Culture

17.5ml blood collected into EDTA tubes was added to 50ml
conical tubes on top of an equal volume of Ficoll Plus (Sigma)
and centrifuged at 400 x g for 30 min with the centrifuge brake
reduced to its lowest setting. After centrifugation the layer of
PBMCs was removed, washed once with PBS (Life Technologies)
and then three times with RPMI 1640 (Life Technologies) before
being counted and resuspended in RPMI 1640 supplemented with
10% FBS (Life Technologies), 2% Human Serum (Sigma), 10mM
L-glutamine (Life Technologies), 10mM Sodium Pyruvate (Life
Technologies) and 100pg/ml Gentamycin (Life Technologies).
100pl of 5x10°/ml PBMCs were added to each required well on
a 96-well plate (Thermofisher) and rested at 37°C for 4 h prior to
the functional assay.

Aspergillus Culture

Aspergillus fumigatus (isolate 13073) was cultured on potato
dextrose agar (Sigma) for 7 days before resting conidia (RC) were
harvested by vigorous washing with PBS 0.05% Tween 20

TABLE 1 | Patient information including primary demographics, clinical parameters, mortality, and anti-fungal prophylaxis for no evidence of fungal disease (NEF) and

invasive aspergillosis (IA) patients.

Parameter NEF (n=33) 1A (n=9)
Patient Demographics Female 13 5
Male 20 4
Age Median (Range) 59 (21 to 76) 52 (2310 72)
Clinical parameters AML 15 4
SCT 18 5
Neutropenia* (% of total) 27 (82%) 7 (78%)
Mortality Total 11 4
AML 5 1
SCT 6 3
Anti-fungal prophylaxis Fluconazole 20 7
Posaconazole 1 1
Voriconazole 0 2

“Defined as 10 consecutive days of <0.5x10%L neutrophils in whole blood within one month prior to a diagnosis of IA or across the duration of the study.
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(Sigma). Harvested RC were counted and stored at 4°C in PBS
0.05% Tween 20 for a maximum of 6 weeks before a new culture
was started. For functional assays, RC were grown in RMPI 1640
supplemented with 0.2mg/ml Polymixin B (Sigma) at 37°C 5%
CO, for 6 hours to generate swollen conidia (SC). Aspergillus
fumigatus SC were counted and resuspended at 5x10° SC/ml for
use in functional assays.

Cytokine Assay

100yl of 5x10%/ml PBMCs were stimulated with 100yl of 1ug/ml
LPS (Sigma) or 100ul of 5x10° Aspergillus fumigatus swollen
conidia/ml for 24 h at 37°C 5% CO,. An unstimulated media-
only control was included. After 24 h, supernatant was removed
from each well and TNF and IL-6 levels in the supernatants were
quantified by ELISA (eBioscience).

Statistical Analysis

Significance was determined using contingency multivariate
statistical analysis with Fisher’s exact test. If two variables were
analysed *p=0.05, **p=0.005. Where more than two variables
were analysed Bonferroni’s correction was applied and adjusted
p values are described in the Figure legend.

RESULTS

Haematology Patients Display Varied CLR
Expression Levels and Mutations

Previous studies have associated SNPs in Dectin-1, Dectin-2 and
CARDY with IA (33-36); therefore, we first aimed to determine
the sequence and expression levels of four fungal binding CLRs
in our cohort of SCT and AML patients. We screened 42 patients
for mutations in the exon coding regions of four CLRs (Dectin-1,
Dectin-2, Mincle and Mcl) and identified a Dectin-2 mutation
(N1701) (rs1334241354) (34) present in 1 patient and an Mcl
mutation (S32G) (rs4304840) present in 17 patients. The Dectin-
2 mutation resulted in an early stop codon and loss of the
carbohydrate binding region whereas the Mcl mutation only
resulted in a single amino acid substitution. We next quantified
gene expression of CLEC7A (Dectin-1), CLEC6A (Dectin-2),
CLEC4D (Mcl) and CLEC4E (Mincle) by Real-Time qPCR for
each patient (Figure 1). Expression levels of the four CLRs varied
considerably from patient to patient and no clear association
between CLR expression level and the incidence of IA
was observed.

Patient CLR Expression Levels Are Not
Associated With IA

In order to investigate whether CLR expression was associated
with the incidence of IA, we grouped each patient’s CLR results
into high (above the median) or low (below the median) and
analysed whether high or low CLR expression was associated
with IA incidence (Figure 1). Here we found that AML patients
who developed IA were 10.2 times more likely to have low
Dectin-1 expression. In contrast, SCT patients who developed IA
were 7.1 times less likely to have low Mcl expression, and 10

times less likely to have low Dectin-1 expression. However, the
overall results associating CLR expression with IA incidence
across total, AML and SCT patient groups did not provide
significant associations.

Patient CLR Mutations Are Not

Associated With IA

We next determined whether CLR mutations were associated with
IA incidence (Table 2). We did not find any association between the
incidence of the Mcl $32G mutation and the incidence of IA.
Patients with the mutation were equally distributed between the IA
group and the no evidence of fungal infection (NEF) group. In
addition, as low Mcl expression in SCT patients reduced the
likelihood of developing IA within the study, we also examined
whether the Mcl S32G affected Mcl gene expression and found no
association. The single patient with the Dectin-2 N170I mutation
did develop IA (34); however, as this mutation was only present in
one patient statistical correlation analysis was not appropriate.
Opverall, we did not observe any significant association between
the CLR mutations and expression identified in this study and the
incidence of IA.

Most IA Patients Lack an IL-6/TNF
Response to A. fumigatus

As the cytokines IL-6 and TNF are vital for a protective anti-
Aspergillus immune response (37, 38), we next decided to
investigate each patient’s functional anti-Aspergillus immune
response. To this end, we isolated patient PBMCs and challenged
them with LPS or Aspergillus fumigatus SC for 24 h before
quantifying the IL-6 and TNF cytokine response (Figures 2A-C).
Here, our results suggest the majority of patients were able to
generate LPS-induced TNF and IL-6; however, fewer patients were
able to generate Aspergillus-induced TNF and IL-6. Interestingly,
whilst all 9 of the IA positive patients produced LPS-induced
cytokines, only three IA positive patients (all in the AML cohort)
generated Aspergillus-induced TNF or IL-6, and only one of these
patients produced both cytokines (Figures 2A, C). Additionally,
only 11 out of 17 AML patients were able to produce any TNF or IL-
6 response (Figure 2C). This was likely due to AML patient’s highly
disrupted haematopoietic compartment and lack of mature
myeloid cells. However, for SCT patients our data suggests that
IA patients may lack a specific anti-Aspergillus response. All 5 TA
positive SCT patients produced LPS-induced TNF and 4 of the 5 1A
positive SCT patients produced LPS-induced IL-6, whilst none of
these IA positive patients produced either cytokine following
Aspergillus challenge (Figure 2B). Similarly, the majority (all but
one) of the NEF patients produced LPS-induced TNF and/or IL-6,
but in contrast to the IA patients, 13 out of 18 NEF patients
generated Aspergillus-induced TNF and/or IL-6 (Figure 2B). The
samples used to generate these results were isolated from patients
upon admission to hospital for their primary disease treatment. At
the time the assays were performed all A patients in the study had
monocyte counts within the normal range. Therefore, this assay
may stratify SCT patients according to their risk of developing IA
prior to the patients becoming highly susceptible to invasive
fungal disease.
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FIGURE 1 | Patient's CLR status does not clearly identify those susceptible to IA. (A) Each patient’'s HPRT1 and CLR gene expression (CLEC7A — Dectin-1, CLEC6A —
Dectin-2, CLEC4D — Mcl, CLEC4E - Mincle) was quantified by qPCR. Results displayed were calculated using AACt comparison against HPRT and CLR results from a
healthy control sample. The healthy control CLR results were set at a value of 1 for each CLR. The dotted line represents the median for each CLR gene expression from
37 patients. IA represents probable IA. NEF represents no evidence of fungal disease. (A) Displays total patient results, (B) displays SCT patient results and (C) displays
AML patient results. Statistical analysis was produced from a contingency multivariate statistical analysis of low CLR expression associated with the incidence of IA.
Results described as low were below the median calculated for each CLR from all patient results. Fisher’s exact test was used to identify statistical significance. As two
variables were examined, statistical significance was set at p < 0.05.

TABLE 2 | Mcl S32G does not affect Mcl gene expression or the incidence of IA.

Patient Group Parameter 1A NEF Odds Ratio 95% ClI p Value
Total (42) Mcl S32G 5/9 12/33 2.19 0.49t0 9.74 0.446
AML (19) Mcl S32G 2/4 5/15 2 0.21t0 18.7 0.603
SCT (23) Mcl S32G 3/5 718 2.36 0.31t017.85 0.618
Patient Group Parameter Low Mcl Expression High Mcl Expression Odds Ratio 95% CI p Value
Total (37) Mcl S32G 11/19 6/18 2.75 0.72t0 10.48 0.192

This data was produced from a contingency multivariate statistical analysis of incidence of Mcl mutant against incidence of IA, and incidence of Mcl mutant against Mcl expression. CLR
expression as determined in Figure 1 was used in this analysis. IA represents probable IA. NEF represents no evidence of fungal disease. Fisher’s exact test was used to identify statistical

significance. As two variables were examined, statistical significance was set at p < 0.05.
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FIGURE 2 | |A patients may lack a specific anti-Aspergillus TNF and IL-6 cytokine response. Patient PBMCs were isolated from whole blood and stimulated with
1ug/ml LPS or 5x10° Aspergillus fumigatus RG/mi for 24 h. (A) Displays total patient results, (B) displays SCT patient results and (C) displays AML patient resullts.
24 h after stimulation, supernatant was collected, and the concentration of TNF and IL-6 determined by ELISA. IA represents probable IA. NEF represents no
evidence of fungal disease. Statistical analysis for these graphs is presented in Table 3. Data from these graphs are the same as in (A) from a previous publication

Lack of IL-6/TNF Production as a Risk
Factor for IA in SCT Patients

In order to determine whether a patient’s functional immune
response could be used as a risk factor for IA, we associated each
patient’s functional response results with the incidence of IA
(Table 3). Each patient’s functional response results were
included as the single parameter no Aspergillus-induced TNF
or IL-6 response. Here, we identified a significant association
between patient’s functional immune response and the incidence
of TIA. The strongest association was identified in SCT patients
who lacked an Aspergillus-induced IL-6 response. This factor
defined 5 out of 5 SCT patients who developed IA and only 5 out
of 18 SCT NEF patients. Patients who fulfilled these criteria were
27 times more likely to develop IA when compared to SCT
patients who generated Aspergillus-induced IL-6. SCT patients
who did not produce an Aspergillus-induced TNF response were

also significantly more likely to develop IA, with over 21 times
higher IA risk within our study. Here, we identify novel IA
functional risk factors that could be used to stratify patients
according to their IA susceptibility.

Lack of IL-6/TNF Production Is Not
Associated With Mortality

Whilst we have described the significant association between
Aspergillus-induced TNF and IL-6 and the incidence of IA, it was
important to determine whether these results were specific for
predicting TA or a more general indicator of poor patient
prognosis. Therefore, we associated the incidence of IA and
patient’s functional immune response results with mortality
(Supplementary Table 2). Here, we found no association
between the incidence of IA or patient’s functional immune
response results with the incidence of mortality. These results
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TABLE 3 | Patients who lack a functional response against Aspergillus are more susceptible to IA.

Patient Group Parameter 1A
Total (40) No Aspergillus TNF response 7/9
Total (40) No Aspergillus 1L-6 response 7/9
AML (17) No Aspergillus TNF response 2/4
AML (17) No Aspergillus IL-6 response 2/4
SCT (23) No Aspergillus TNF response 5/5
SCT (23) No Aspergillus IL-6 response 5/5

NEF Odds Ratio 95% CI p Value
12/31 5.542 0.98 to 31.25 0.0601
12/31 5.542 0.98 to 31.25 0.0601
6/13 1.167 0.12 to 11 1
713 0.857 0.09 to 8.07 1
6/18 21.15 1.06 to 445 *0.0137
5/18 27 1.27 t0 575 *0.0075

This data was produced from a contingency multivariate statistical analysis of patient PBMC functional assay results as displayed in Figure 2. |A represents probable IA. NEF represents no
evidence offungal disease. Fisher’s exact test was used to identify statistical significance. Where two variables were examined, statistical significance was set at *p < 0.05; significant values

are highlighted bold.

suggest the TNF and IL-6 functional immune response results
are specific risk factors for the incidence of IA within our cohort
and not simply identifying patients with a high incidence
of mortality.

Combination Risk Factors and IA
As we found a significant association for patient’s functional
immune response and IA, we next analysed multiple risk factors
in combination. Patient’s CLR status and functional immune
responses were combined and associated with the incidence of IA
(Table 4). Here, our data shows SCT patients that produced LPS-
induced TNF and/or IL-6, lacked Aspergillus-induced TNF and/
or IL-6 and had high Mcl expression possessed a high risk of IA.
Of the 6 patients that fulfilled these parameters, 4 (66%) went on
to develop IA. Our data suggests the highest IA risk is present in
patients that produced LPS-induced TNF and/or IL-6, lacked
Aspergillus-induced TNF and/or IL-6 and had high Dectin-1
expression or both high Dectin-1 and high Mcl expression. These
parameters stratified 5 patients from the total SCT cohort and 4
developed IA. Interestingly, patient 39 was positive for
Aspergillus mycology but their radiological investigation did
not show evidence of IA; therefore, the patient was not
classified as probable IA in accordance with EORTC/MSG
guidelines (32). In our study patient 39 had high Mcl and
Dectin-1 expression, produced LPS-induced IL-6 and/or TNF
and lacked Aspergillus-induced IL-6 and/or TNF, suggesting this
patient had a high risk of IA. Patient 39 was the only patient
stratified into the highest risk cohort that did not have proven IA.
In Table 4 we also display the incidence of IA within the SCT
cohort according to the risk factor parameters used. Here, 5 of 11
(45%) SCT patients with no Aspergillus-induced TNF response
developed 1A, 5 of 10 (50%) SCT patients with no Aspergillus-
induced IL-6 response developed IA, and 5 of 8 (62.5%) SCT
patients with an LPS-induced TNF and/or IL-6 response but
lacking an Aspergillus-induced TNF and/or IL-6 response
developed TA. We next investigated whether the CLR status
and functional immune response risk factors could be used to
predict the incidence of TA in AML patients within the study.
Here, we found no association between AML patients’ functional
responses and the incidence of IA. Using low Dectin-1
expression as a risk factor stratified 9 patients from the total

AML cohort of which 3 (33%) developed IA but this result was
not significant.

Proposed Pre-Emptive Stratification
System for SCT Patients

Finally, we used the risk factors and associated IA incidence
described for SCT patients to propose a strategy that would
enable the pre-emptive stratification of SCT patients according
to their IA susceptibility (Figure 3). We show in the
intermediate- and high-risk groups how the risk factors
identified in Table 4 could be used to predict the incidence of
IA within the study. We also demonstrate how the risk factors
described in this study could be used as exclusion criteria to
stratify patients at low risk of IA. Importantly, none of the SCT
patients that produced Aspergillus-induced TNF and/or IL-6
developed IA.

In this study our investigations into patient’s CLR status and
functional immune response have led to the identification of
novel IA risk factors. We have demonstrated how these risk
factors may be applied to stratify patients into low, intermediate,
and high-risk cohorts. Crucially, the risk factors identified here
would enable the pre-emptive stratification of patients and
permit a personalised medicine approach to patient’s anti-
fungal investigations and treatment.

DISCUSSION

The aims of this pilot study were to identify novel risk factors
that could stratify haematology patients according to their IA
susceptibility. The development and incorporation of biomarkers
to assist in the pre-emptive management of haematology patients
at risk of TA have demonstrated significant utility for excluding
disease, but even in the presence of multiple positive results the
positive predictive value (post-test probability) for confirming TA
is not optimal (15). Whilst there are well described IA risk
factors, these are frequently encountered in the haematology
patient population and IA-associated mortality remains
unacceptably high. Therefore, highly drug-interactive, and
sometimes ineffective anti-fungal therapy is often empirically
administered at the first sign of refractory infection or
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TABLE 4 | SCT patients can be stratified according to IA risk using their CLR status and functional immune response results.

Patient group Risk Factor(s)

SCT (23) No Aspergillus TNF response
SCT (23) No Aspergillus 1L-6 response
SCT (22) LPS TNF/IL-6 response + no Aspergillus TNF/IL-6 response
SCT (19) High Mcl expression
SCT (19) High Dectin-1 expression
SCT (18) High Mcl expression +

LPS TNF/IL-6 response + no Aspergillus TNF/IL-6 response
SCT (18) High Dectin-1 expression +

LPS TNF/IL-6 response + no Aspergillus TNF/IL-6 response
SCT (18) High Dectin-1 expression + High Mcl expression +

LPS TNF/IL-6 response + no Aspergillus TNF/IL-6 response
AML (17) No Aspergillus TNF response
AML (17) No Aspergillus IL-6 response
AML (17) LPS TNF/IL-6 response + no Aspergillus TNF/IL-6 response
AML (18) Low Dectin-1 expression

Incidence in Patient Cohort Incidence of IA Odds Ratio p Value
11/23 5 (45%) 21.15 *0.0137
10/23 5 (50%) 27 *0.0075
8/22 5 (62.5%) 45.57 **0.0021
9/19 4 (44%) 7.2 0.14
8/19 4 (560%) 10 0.11
6/18 4 (66%) 45 **0.0049
5/18 4 (80%) 81 **0.0016
5/18 4 (80%) 81 **0.0016
8/17 2 (25%) 1.167 1
917 2 (22%) 0.857 1
3/17 1 (33%) 0.545 1
9/18 3 (33%) 10.23 0.205

This data was produced from a contingency multivariate statistical analysis of patient CLR status and PBMC functional assay results as displayed in Figures 1, 2. IA represents
probable IA. NEF represents no evidence of fungal disease. Fisher’s exact test was used to identify statistical significance. Where two variables were examined, statistical significance
was set at *p < 0.05, **p < 0.005; significant values are highlighted bold. Where more than two variables were examined, Bonferroni’s correction was applied; significant values are

highlighted bold and italic.

CLR sequence and
expression analysis
Patients
""""" > | enrolled >

Anti-Aspergillus immune
response analysis

SCT Patient

stratification

according to IA susceptibility.

High Risk Patients

* LPS-induced TNF/IL-6 response and no Aspergillus-induced
TNF/IL-6 response — IA risk 62.5%

* High Mcl expression, LPS-induced TNF/IL-6 response and no
Aspergillus-induced TNF/IL-6 response — IA risk 66 %

* High Dectin-1 expression, LPS-induced TNF/IL-6 response and no
Aspergillus-induced TNF/IL-6 response — IA risk 80%

* High Dectin-1 and Mcl expression, LPS-induced TNF/IL-6 response
and no Aspergillus-induced TNF/IL-6 response — IA risk 80%

Intermediate Risk Patients

« High Mcl expression — IA risk 44%

* No Aspergillus-induced TNF response — IA risk 45%
* High Dectin-1 expression — IA risk 50 %

* No Aspergillus-induced IL-6 response — IA risk 50%

Low Risk Patients
* Aspergillus-induced TNF/IL-6 response — IA risk 0%

FIGURE 3 | Stratification of SCT patients according to IA susceptibility using risk factors identified in this study. This schematic figure was produced from the results
displayed Figures 1, 2 and Table 4. The proposed strategy utilises the risk factors and incidence of IA from this study and stratifies patients into three groups

prophylactically administered to asymptomatic patients deemed
high risk through host factors or clinical intervention.
Ultimately, this results in haematology patients receiving
frequent fungal clinical investigations and unnecessary anti-
fungal therapy. Identifying patients at low or high risk of
infection through host biomarker testing prior to that patient
becoming immune suppressed and susceptible to IA would target
anti-fungal prophylaxis and allow a personalised medicine
approach to managing the haematology patient.

CLR Status and IA

In this study we investigated patient’s CLR status as deficiencies
in anti-fungal immune components have previously been
associated with IA. The first inherited or acquired genetic
condition associated with IA susceptibility was identified in

CARD9Y, a downstream adaptor molecule that transduces CLR
signalling. CARD9-deficiency resulted in fungal infections
without any immune suppression (35, 36, 39). The Dectin-1
Y238X mutation increases IA susceptibility in haematology
patients through reduced fungal recognition and immune
responses (33). Similarly, the newly identified Dectin-2 N170I
mutant was shown to reduce fungal recognition and immune
responses (34). Crucially, genetic deficiencies are present prior to
the initiation of patient’s primary treatment and immune
suppression, thereby offering an early indication of a patient’s
susceptibility to IA. Whilst these risk factors have been associated
with IA, they are not yet widely applied in clinical practice (22,
33, 35, 40). Using pre-emptive risk factors to stratify patients has
significant promise and has recently been tested. Mutations in
Dectin-1 and DC-SIGN, respiratory viral infection, allogeneic
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stem cell transplant and Aspergillus PCR positivity were used to
stratify patients in a predictive disease model. Patients with no
risk factors had a 2.4% probability of developing IA whilst
patients with four or more risk factors had a 79% probability
of developing IA (22). A future study combining the risk factors
described by White P. L. et al. and those described in this study
may further enhance patient stratification.

In this study, we identified two CLR mutations in our patient
cohort and investigated each patient’s CLR expression before
associating these factors with the incidence of IA. The S$32G
mutation identified in Mcl has been previously described
(rs4304840). This missense mutation results in the substitution
of serine to glycine at position 32; this is not thought to have
functional consequence. In agreement with this, we identified no
association between the incidence of Mcl S32G and IA. Our
study also identified a novel N170I mutation in Dectin-2. This
mutation resulted in an early stop codon located in the
carbohydrate binding domain of the CLR. We recently
characterized this mutation and showed that it results in
reduced receptor expression and deficient anti-fungal immune
responses (34). This mutation was identified in a patient who
developed IA and died; however, as this is only one patient the
statistical association of this mutation and IA cannot
be undertaken.

We determined that high (above the median in this study)
Mcl and Dectin-1 expression in SCT patients and low (below the
median in this study) Dectin-1 expression in AML patients may
be associated with an increased risk of IA. Dectin-1 has been
extensively shown to drive protective immune responses against
fungal pathogens including Aspergillus (28, 41, 42). Therefore, as
was found with the Dectin-1 Y238X mutant, it is unsurprising
the low/deficient Dectin-1 expression in AML patients may
increase IA susceptibility. However, it is not clear why high
Dectin-1 expression in SCT patients may be associated with an
increased risk of IA. There is limited research describing the
functional role of Mcl. Mcl-deficient mice produced defective
immune responses against TDM (mycobacterial trehalose
dimycolate) (43). A collaborative role for Mcl and the Mincle
heterodimerising and enhancing the recognition of carbohydrate
and lipids molecules has been identified; however, the functional
consequences of this heterodimer CLR complex remain largely
unknown (44-46). An explanation for the high Mcl expression
identified in SCT patients who developed IA is not clear and
requires further investigation.

Functional Response and IA

Previous studies aiming to describe risk factors associated with
IA have not investigated patient’s functional response against
inflammatory stimuli or Aspergillus. Patient PBMCs have been
used to identify those most receptive to immunotherapy with
positive results correlating assay outcome and patient outcome.
However, these investigations were completed retrospectively
after all patients had received treatment (47, 48). Here, we
investigated whether patient’s functional immune response
could be used to predict IA incidence. Our research describes

how the results from a simple assay can be used as a novel IA risk
factor that could drive a personalised medicine approach.

In this study we describe how LPS- and Aspergillus-induced
TNF and IL-6 response can be used to identify the SCT patients
most susceptible to IA. PBMCs produce pro-inflammatory
cytokines and drive protective immune responses when
challenged with Aspergillus-extracted chitin or live Aspergillus
(49, 50). The cytokines IL-6 and TNF play a key role in anti-
Aspergillus immunity with mice deficient in either cytokine
possessing an increased susceptibility to Aspergillosis (37, 38).
In agreement, the patients in this study who were unable to
produce TNF and/or IL-6 against Aspergillus possessed enhanced
susceptibility to IA. Similar results were attained with Candida
albicans where fungal disease was associated with a delayed
secretion of cytokines from myeloid cells and T cells (51).

Our functional assay results determined that patients able to
produce an LPS-induced response but lacking an Aspergillus-
induced response possessed the highest IA susceptibility. Anti-
Aspergillus immune responses are complicated and require
collaboration between numerous receptors, signalling
molecules and cell types to produce a protective immune
response. Patients with haematological malignancies often
possess immune defects and have highly variable immune cell
counts (52). Here, our functional assay may be able to
discriminate between patients with high disruption to their
anti-fungal immune response and those with minimal
disruption. It is likely those with high disruption possessed
deficiencies in anti-fungal immune components that we did
not screen for. In contrast to the Aspergillus-induced response,
the majority of patients were able to produce LPS-induced TNF
and/or IL-6. The LPS-induced response requires only TLR4 and
CD14 signalling to produce a robust pro-inflammatory response
(53) and PBMCs produce large quantities of TNF and IL-6
within 4 h of LPS stimulation (54). Crucially, TLR signalling is
retained in patients with a haematological malignancy even after
SCT, radiotherapy or chemotherapy and is often responsible for
graft versus host disease, gut toxicity and chronic pain (55-57).
This maintenance of TLR signalling likely explains why most
patients in this study produced LPS-induced responses.

CONCLUSION

Our research is the first to stratify patients at high risk of fungal
disease according to their functional anti-Aspergillus immune
responses and their CLR status. We describe novel risk factors
including patient’s LPS- and Aspergillus-induced TNF and IL-6
PBMC response, and the increased stratification that can be
achieved through combining patient’s functional responses with
their CLR expression levels. We also identified two CLR mutants
of which Mcl S32G did not influence IA susceptibility, whilst
Dectin-2 N170I likely does increase IA susceptibility. These risk
factors were associated with the incidence of IA within our study
and resulted in patient stratification into three cohorts. Crucially,
within our small patient cohort, we were able to stratify patients
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into a 0% risk group (those with an Aspergillus-induced TNF
and/or IL-6 response), this represents an important step
promoting a personalised medicine approach where this
cohort’s primary disease therapy is prioritised. We were also
able to identify a high-risk cohort (those with an LPS- but not
Aspergillus-induced TNF and/or IL-6 response and high Mcl
and/or Dectin-1 expression), this highly susceptible cohort
should have a personalised medicine approach that considers
their IA susceptibility. Whilst our research was a pilot study that
requires further validation in a larger study, we describe novel
risk factors and a novel strategy that promotes a personalised
medicine approach to haematology patient’s fungal disease.
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Aberrant glycosylation is a key feature of malignant transformation. Hypersialylation, the
enhanced expression of sialic acid-terminated glycoconjugates on the cell surface, has
been linked to immune evasion and metastatic spread, eventually by interaction with
sialoglycan-binding lectins, including Siglecs and selectins. The biosynthesis of tumor-
associated sialoglycans involves sialyltransferases, which are differentially expressed in
cancer cells. In this review article, we provide an overview of the twenty human
sialyltransferases and their roles in cancer biology and immunity. A better
understanding of the individual contribution of select sialyltransferases to the tumor
sialome may lead to more personalized strategies for the treatment of cancer.

Keywords: tumor glycosylation, sialyltransferases, sialic acid, cancer, tumor immunology

INTRODUCTION

Cancer remains one of the leading cause of death worldwide (1). During their development, cancer
cells undergo important genetic and structural modifications (2). A well-known feature of
malignant transformation is aberrant glycosylation (3, 4). Altered tumor glycosylation was
initially described in the mid-twentieth century (5-7), and has since been studied in-depth with
regard to its role in tumor progression. Tumor-specific glycosylation has been linked to many
processes involved in oncogenesis, such as tumor growth and progression, invasion, metastasis,
angiogenesis, chemoresistance and tumor immunity (3, 4, 8-12).

Commonly found glycosylation changes in cancer cells include hypersialylation, incomplete
synthesis, truncation of O- and N-glycans, altered branching, and even xenoglycosylation (3, 13).
Hypersialylation, referring to the increased density of sialic acid-containing glycans (sialoglycans), is
one of the most common features of altered tumor glycosylation (3). Overexpressed sialoglycans
include sialylated derivatives of Lewis antigens (sialyl-Lewis X [sLeX]), sialyl-Lewis A [sLeA]),
which as ligands of selectins are long known to promote tumor metastasis (3, 14). Accumulating
evidence suggests that distinct sialoglycans act as glycoimmune checkpoints that suppress anti-
tumor immune reactivity by engagement of immunoregulatory Siglec receptors on myeloid and
lymphoid immune cells (12, 15-17). Indeed, ligands of Siglecs are broadly expressed on primary
human cancer cells and cell lines of different origin (18).

In humans, twenty different sialyltransferases (SiaTs) are involved in the biosynthesis of glycans
and each exhibits distinct characteristics and preferences such as for substrates and glycosidic
linkages. The expression levels of individual SiaTs varies significantly between different types of
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tumors (19), but also within tumors of the same origin (20).
While the overexpression of certain sialyltransferases in cancer is
associated with tumor hypersialylation and adverse outcome,
such positive correlation is not found for all sialyltransferases
and may also depend on the type of tumor (see below). Given the
significance of distinct sialylation patterns for cancer biology and
immunity, in this review article we provide an overview on
expression and roles of individual sialyltransferases in cancer.

SIALIC ACIDS AND SIALYLTRANSFERASES

Sialic acids (neuraminic acids) are nine-carbon (C1-9)
monosaccharides most commonly found at a terminal position
on the outer end of glycoconjugates on many glycoproteins and
glycolipids synthesized by living cells (21). Their prominent
position on the cell surface glycans of mammalian cells keeps
them at the forefront of cellular processes in health, but also in
cancer biology and immunity (22-25).

The most prevalent sialic acids in mammals comprise N-
acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid
(Neu5Gc) monosaccharides (Figure 1A). 2-keto-3-deoxy-D-
glycero-D-galacto-nononic acid (Kdn) sialic acids are more
widespread in lower vertebrates (26) (Figure 1B). When one
or more hydroxyl groups of Neu5Ac, Neu5Gc or deaminated
neuraminic acid (Kdn) are substituted with acetyl, methyl or
sulfate residues, more than 50 derivatives with a high diversity
are formed (21, 27). As opposed to most mammals, humans do
not naturally express Neu5Gc due to the deletion of the CMAH
(Cytidine monophospho-N-acetylneuraminic acid hydroxylase)
gene, which is responsible for the conversion of Neu5Ac into
Neu5Gc (28) (Figure 1A). It is thought that the deletion of this
gene could have provided selective advantages during human
evolution and eventually played a role in brain development and
running endurance in humans (29, 30). Remarkably, Neu5Gc is
often expressed in glycoconjugates of human tumors (13, 31, 32).
Due to altered metabolic pathways tumor cells are able to

incorporate non-human Neu5Gc (3, 13, 33, 34), which humans
can retrieve from foods such as red meat (35, 36).

The sialic acid metabolism involves enzymes that catalyze the
biosynthesis and transfer of sialic acid to a glycoconjugate, as well
as the removal and degradation of sialic acid (37) (Figure 2).
Sialic acid biosynthesis starts with UDP-GIcNAc (uridine
diphosphate N-acetylglucosamine) produced via the
hexosamine pathway, which is converted to ManNAC-6-P (N-
Acetyl-mannosamine 6-phosphate) by UDP-GIcNAc 2-
epimerase/ManNAc-6 (GNE) in a two-step process (38). Then,
Neu5Ac synthase (NANS) generates 9-phosphorylated forms of
sialic acid (Neu5Ac-9-P), which is then dephosphorylated by
Neu5Ac-P-phosphatase (NANP) to generate free sialic acid
(Neu5Ac) in the cytoplasm (39). Next, cytosolic Neu5Ac enters
the nucleus and is activated by coupling cytidine monophosphate
(CMP) via the action of cytosine 5’-monophosphate N-
acetylneuraminic acid synthetase (CMAS) to produce CMP-
Neu5Ac (40). CMP-Neu5Ac is used by sialyltransferases in the
Golgi apparatus for sialylation of glycoconjugates. Finally,
sialylated glycoproteins and glycolipids are exported to the cell
membrane or secreted.

On the other hand, sialic acid can also be released by
neuraminidase (also called sialidase) from sialylated
glycoconjugates (40). There are 4 mammalian neuraminidases
with different cellular localizations: the lysosomal neuraminidase
NEU1 (41), the cytosolic neuraminidase NEU2 (42), the plasma
membrane-associated neuraminidase NEU3 (43) and the
lysosomal or mitochondrial membrane-associated neuraminidase
NEU4 (44). The released sialic acids can be reutilized in the
biosynthesis pathway (40). Hypersialylation, as occurring in
malignancy, is closely associated to an imbalance between sialic
acid biosynthesis and desialylation (45).

Human SiaTs comprise a set of 20 glycosyltransferases which
all use cytidine monophosphate N-acetylneuraminic acid (CMP-
Neu5Ac) as an activated sugar donor for the transfer of sialic
acids to the terminal glycosyl group of glycoproteins and
glycolipids as acceptor molecules (46). SiaTs catalyze the

Kdn

A
Neu5Gc HO
OR —m@™ NH -
CMAH HO/\(
(non-human)
B

FIGURE 1 | Sialic acids. Sialic acids are nine-carbon monosaccharides. (A) The two main mammalian sialic acids N-acetyl neuraminic acid (Neu5Ac) and N-
glycolylneuraminic acid (Neu5Gc) are shown. Neu5Gc is derived from NeuSAc and differs by one oxygen atom in the N-glycolyl group, which is added by the enzyme
cytidine monophosphate N-acetylneuraminic acid hydroxylase (CMAH) in the cytosol. Humans have an inactivating mutation of the CMAH gene and therefore they
lack this enzymatic activity. (B) Kdn (2-keto-3-deoxy-D-glycero-D-galacto-nononic acid), which is more common among lower vertebrates and bacteria (see text).
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FIGURE 2 | Sialic acid metabolism in humans. CMP-Neu5Ac mostly occurs in the cytoplasm except of the CMP-sialic acid synthase (CMAS)-mediated reaction
which takes place in the nucleus. UDP-GIcNAc-2 epimerase (GNE) synthesizes N-acetylmannosamine (ManNAc) in two steps. Then, Neu5Ac synthase (NANS)
generates ManNAc-9-P, which is then dephosphorylated by Neu5Ac-P-phosphatase (NANP) to generate free sialic acid in the cytoplasm. The free sialic acid can
enter the nucleus to be linked to CMP (cytidine-5’-monophosphate). The CMP-Neu5Ac is transferred to the Golgi apparatus via SLC35A1 transporter (solute carrier
family 35 member A1), where it is used as a substrate for sialylation by different sialyltransferases (SiaT). Sialylated glycoconjugates are then exported to the cellular

membrane or secreted. They can also be broken down by various neuraminidases (NEU1-4) present in different cellular localizations. The released sialic acid can

reenter the biosynthesis pathway. lllustration by Aldona von Gunten.

formation of different glycosidic linkages, 0.2,3-, 012,6-, or 0.2,8-
linkage, and also vary in their acceptor specificities. Accordingly,
SiaTs can be grouped into four different families: ST3Gal,
ST6Gal, ST6GalNAc, and the ST8Sia (Figure 3). Even though
SiaTs share the same sugar donors, they present specific substrate
specificity, although with some degree of redundancies. Indeed,
enzymatic analysis conducted in vitro with recombinant
enzymes revealed that one linkage can be synthesized by
multiple enzymes (47, 48). SiaTs share conserved sialylmotifs,
including ‘L’- (for long), ‘S~ (for short), ‘III’ (for being third
position in sequence), and ‘VS’- (for very small) motifs (49). The
L-motif is thought to mediate the binding of the donor substrate,
the III- and VS-motifs bind the acceptor substrate, and the S-
sialylmotif contributes to both binding of donor and acceptor
substrates (49). A disulfide bond between the L- and S-motifs
bring all sialylmotifs closer together to facilitate interactions with
substrates (49).

SiaTs have been shown to be primarily restricted to medial-
and trans-cisternae of the Golgi apparatus, with some being
present in the trans-Golgi network (50), but some SiaTs are also
expressed as post-Golgi and secreted enzymes (51, 52), and SiaT
activity was also reported to occur at the cell surface of monocyte-
derived dendritic cells (53). Their expression pattern among

tissues is diverse, but some SiaTs are preferentially expressed at
distinct sites. For specific protein expression of SiaTs the Human
Protein Atlas (54) can be consulted (proteinatlas.org).

Increased activity or expression of SiaTs leads to the
hypersialylation of cell surfaces which is one of the most
common glycosylation changes that occurs in tumors; it entails
the enhanced expression of sialic acid-terminated
glycoconjugates (3). Many studies show elevated levels of SiaT's
in the plasma of cancer patients (55-58). The relative diversity
and complexity of sialylation patterns in tumors represents a
promising area of research, knowing that each SiaT is involved in
the synthesis of various structures, therefore, broadly impacting
cancer development in various ways, which will be discussed in
the following sections.

ST3Gal FAMILY

Six B-galactoside 0:2,3-sialyltransferases belong to the ST3Gal
family in humans and these enzymes transfer sialic acid residue
in an 0.2,3-linkage to terminal galactose (Gal) residues present on
glycolipids or glycoproteins (59, 60). Members of this family are
involved in the synthesis of gangliosides (ST3Gal2 and 5), and
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FIGURE 3 | Members of the four families of sialyltransferases catalyze different glycosidic linkages. (A) The four families of sialyltransferases as categorized
according to restricted glycosidic linkage and acceptor specificity. Indicated are the transfer of activated CMP-Neu5Ac onto Gal, GalNAc or NeubAc moieties of
carbohydrate chains (-R), such as on glycoproteins or glycolipids. (B) Examples of glycosidic 02,3, 02,6, and 0:2-8 -linkages involving the hydroxyl group at carbon
atom 2 of Neu5Ac sialic acid with galactose (left, middle) or another sialic acid (right). CMP, cytidine monophosphate; Neu5Ac, N-acetylneuraminic acid; Gal,

galactose; GalNAc, N-acetylgalactosamine.

the tumor-associated sialyl-T (ST) (ST3Gall) and sialyl-Lewis
(ST3Gal3, 4, and 6) antigens (Figure 4).

ST3Gal1

ST3Gall is known as the major human SiaT to synthesize sialyl-
T (ST) antigen from the T antigen GalB1-3GalNAc. While the T
and ST antigens are found on normal O-glycans such as in
hematopoietic cells (4), ST3Gall overexpression is found in
different types of malignancies (61-65), and has been linked to
poor prognosis (65, 66). MUCI-ST, a glycoform of the mucin
MUCI carrying the ST antigen found in breast cancer patient
serum (67), through Siglec-9 engagement, triggers the
differentiation of a unique tumor-associated macrophage
(TAM) subtype that has been associated with poor prognosis
in breast cancer (68). Recently, Rodriguez et al. identified
ST3Gall as a main contributor to the synthesis of Siglec-7
ligands in pancreatic cancer cells, which by engagement of the
sialic acid-Siglec axis may shift TAM differentiation towards a
more suppressive phenotype (69). Overexpression of ST3Gall
has been shown to promote tumor cell migration and metastasis
(65, 70-72), which may involve epidermal growth factor receptor
(EGFR) signaling (72), or receptor tyrosine kinase AXL
dimerization/activation (71). Moreover, ST3Gall seems to also
play a role in TGF-Bl-induced epithelial-mesenchymal
transition (EMT) in ovarian cancer cells (70). ST3Gall is also
enrolled in promoting resistance to anti-cancer effects of agents,

such as of adriamycin directed against chronic myeloid leukemia
(CML) cell lines (73), paclitaxel against ovarian cancer cells (70),
and tamoxifen and/or vandetanib against breast cancer cells (66).
The exact mechanisms of ST3Gall-mediated resistance to
chemotherapeutic drugs remain to be deciphered.

ST3Gal2

In vivo genetic experiments showed that ST3Gal2 is a key
enzyme mediating 02,3 sialylation of gangliosides in the brain
of mice, in particular of GDla and GT1b, eventually with
support of ST3Gal3 (74). ST3GAL2 mRNA expression was
found to be associated with advanced stage and poor clinical
outcome in cancer (75, 76). Increased mRNA expression of
ST3GAL2, as well as ST3GALS5 and ST8SIAI, was also observed
in breast cancer stem cells which is eventually linked to increased
expression of gangliosides in these cells (77). ST3Gal2 is a rate-
limiting enzyme for SSEA-4 (sialyl-glycolipid stage-specific
embryonic antigen 4) synthesis (78), which was shown to be
limited in normal tissues but highly expressed in glioblastoma
cells (79) and has been associated with epithelial-mesenchymal
transition (EMT) (76), loss of cell-cell interactions and
adaptation of a migratory phenotype (80). Furthermore, a
positive correlation between SSEA4 and chemoresistance was
reported (76). Notably, gangliosides are differentially recognized
by the immunoregulatory receptors Siglec-7 and -9 receptors
(81, 82).
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ST3Gal3

ST3Gal3 is involved in the synthesis of sLeA (also known as
carbohydrate antigen 19-9 [CA19-9]) and sLeX, which are
expressed in different types of cancer (83-87), and have been
linked to cancer progression and poor prognosis (88), eventually
by selectin-mediated invasion and metastasis of tumor cells
(14, 89). Indeed, the expression of ST3GAL3 in breast cancer
was found to be associated with poor prognosis (90). ST3Gal3
has also been associated with paclitaxel and cisplatin resistance in
ovarian cancer cells (91, 92).

ST3Gal4

ST3Gal4 is involved in the biosynthesis of the tumor-associated
antigen sLeX (89, 93). ST3GAL4 expression correlates with
enhanced metastatic potential and poor prognosis in some
types of cancer, including pancreatic and gastric cancer (94,
95), which may involve selectin-dependent adhesion through
sLeX (87). Recently, ST3Gal4 was found to be responsible for the
generation of ligands for the immunoregulatory receptor Siglec-9
in pancreatic cancer cell lines (69), and Siglec-7 and -9 ligand in
HEK293 cells (96), indicating its potential role in the generation
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of glyco-immune checkpoints. However, overexpression of
ST3GAL4 appears not to be a universal feature of malignancy
as downregulation of the enzyme or specific variants has been
found for instance in premalignant and malignant cervical
tissues (97) and renal cell carcinoma (98). Tissue-specific
transcriptional regulation involving alternative splicing and
promoter utilization has been described for alpha2,3-
sialyltransferases (99), and may explain the differential
expression in various types of malignancies.

ST3Gal5/GM3 Synthase

ST3Gal5 initiates the biosynthesis of many downstream
gangliosides (100), and is also known by the name “GM3
synthase”. GM3, the simplest ganglioside, is involved in
various processes such as transmembrane signaling through
the regulation of growth receptor activities and in integrin-
mediated cell adhesion and motility (101, 102). Furthermore,
GM3 has been shown to be recognized by inhibitory Siglec-9
(103). However, ST3Gal5 also mediates the synthesis of GM4
(104). In a breast cancer model, GM3 synthase knockout mice
exhibited enhanced tumor growth and angiogenesis (105). In
bladder cancer, the downregulation of ST3Gal5 was associated
with reduced patient survival (106). Such experimental evidence
suggests a beneficial role of GM3 synthase and certain products,
such as distinct a-, b- and c-series gangliosides eventually, in at
least some tumors. However, given that GM3 synthase acts at an
early stage of ganglioside biosynthesis, it remains unclear which
ganglioside products and derivatives are effective in such
experimental models and differences may exist among different
types of tumors.

ST3Gal6

Like ST3Gal3 and ST3Gal4, ST3Gal6 mediates the sialylation of
LeX antigen (83). The resulting sLeX antigen interacts with
selectins, such as during the initial tethering before
extravasation of cells (107). Indeed, ST3Gal6 was shown to
have a crucial role in the generation of selectin ligands in mice
(108). High expression of ST3Gal6 in multiple myeloma (MM)
patients is associated with poor prognosis (109). Knockdown of
ST3GALG6 resulted in a reduced surface expression of ot-2,3-
linked sialic acid and sLeX on MM cell lines and also reduced the
homing and engraftment of malignant cells to the bone marrow
niche in vivo (109). Furthermore, mice injected with ST3GAL6
knockdown MM cells demonstrated a decreased tumor burden
and prolonged survival. Higher expression of Lewis antigens in
neuroblastoma MYCN-amplified cell lines and patient samples
could be a consequence of the overexpression of SiaTs, including
ST3Gal3/4/6, compared to MYCN-non-amplified counterparts
(110). Furthermore, high-grade glioma cell lines exhibit higher
expression of terminal sLeX and of the SiaTs ST3Gal3/4/6
compared to low-grade glioma cells (111). ST3Gal6 is also
upregulated in human hepatocellular carcinoma (HCC) tissues,
and correlates with cell proliferation, migration and invasion
ability in HCC cell lines (112). Similar observations were made in
urinary bladder cancer with a positive correlation between
increased ST3GALG6 expression and tumor stage, grade as well
as poor outcome (113).

ST6Gal FAMILY

ST6Gals preferentially link sialic acids in an 0:2-6 linkage to
galactose residues of GalB1-4GlcNAc-R on N-glycans (59, 60).
This family contains two enzymes ST6Gall and ST6Gal2, and is
thus the smallest SiaT family.

ST6Gal1

ST6Gall is the main sialyltransferase contributing to the addition
of 0-2,6-linked sialic acid to GalB4GlcNAc chains, usually
present in N-linked chains (59). ST6Gall is frequently
overexpressed in many solid tumors, such as pancreatic,
gastric, cervical, ovarian, brain and colorectal cancers and
cancer cell lines (114-120). Indeed, this enzyme has been
extensively investigated in regard to cancer research [for a
review see (121)]. High expression of ST6GALI in cancer
correlates with worse tumor grade (90, 122), advanced stage of
disease (120), and poor prognosis (119, 120, 122). While a
greater number of experimental studies support an oncogenic
role of ST6Gall (discussed below), few reports propose an
inverse role of this enzyme based on evidence from select in
vitro and in vivo experimental models (123-125). Interestingly,
while ST6Gall mRNA expression was found to be increased in
papillary non-invasive bladder tumors, expression of this enzyme
was found to be decreased in muscle-invasive bladder cancer due
to epigenetic inactivation of ST6GALI by promoter
methylation (126).

Interestingly, ST6Gall was shown to protect tumor cells from
hypoxic stress, eventually by enhancing the expression of
hypoxia-inducible factor-1oe (HIF-1o) (127). ST6Gall activity
has been shown to promote EMT in cell lines of different
histological origin (128-130), eventually involving E-cadherin
transcription and turnover, as well as PI3K/Akt signaling (128).
Silencing of ST6Gall in prostate cancer cell lines resulted in
decreased expression of components of the PI3K/Akt and B-
catenin signaling pathways, resulting in reduced proliferation,
migration and invasion (122). Furthermore, ST6Gall expression
is associated with nonmalignant stem and progenitor cells, but
also with stemness in cancer and may drive cancer stem cell
(CSC)-like characteristics (131-136). Furthermore, high
expression of ST6GALI in CSCs could eventually promote
chemo-resistance (137). Indeed, ST6Gall has been linked to
resistance to a number of agents including gemcitabine (138),
cisplatin (139), trastuzumab (140, 141) or gefitinib (142), latter of
which appears to involve sialylation and activation of
EGEFR (142).

Several investigators observed that o2-6 sialylation by
ST6Gall activity may protect cells from cell death, and
eventually block homeostatic epithelial cell apoptosis in cancer
(133). ST6Gall-mediated sialylation prevents apoptosis induced
by tumor necrosis factor receptor 1 (TNFR1) (143), eventually by
restraining the receptor on the cell surface (144). Similarily, 0.2-6
sialylation of the death receptor FAS by ST6Gall prevents
receptor activation by blocking its internalization and the
subsequent formation of death-inducing signaling complex and
activation of apoptotic caspase-dependent signaling pathways
(145). Furthermore, sialylation of B1 integrins by ST6Gall
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conferred protection against galectin-3-induced apoptosis in a
cancer cell line (146).

Recently, using gene engineered HEK293 cells, ST6Gall was
found to be partially responsible for the generation of ligands for
the immunoregulatory receptor Siglec-7 (96), indicating its
potential role in the generation of glyco-immune checkpoints.

ST6Gal2

ST6GAL?2 is predominantly expressed in the adult brain and fetal
tissues, and to a lesser extent in the thyroid gland, small intestine,
colon, and testis (147, 148). While relatively few studies have
investigated the expression and role of ST6GAL2 in tumors,
overexpression of this enzyme was found in select types of
cancer, including breast cancer (149) and follicular thyroid
carcinoma (FTC) (150). In breast cancer ST6GAL2 expression
associated with poor prognosis for patients (149). Moreover,
silencing of ST6GAL2 in breast cancer cells resulted in reduced
xenograft tumor growth in vivo (149). Furthermore, this study
revealed that ST6GAL2 silenced cell lines exhibited reduced
adhesion and invasion properties in vitro, with downregulation
of several focal adhesion molecules (ICAM-1, VCAM-1) and
metastasis pathways proteins (MMP2, CXCR4). Similarly,
silencing of ST6GAL2 in FTC reduced tumor growth in an in
vivo model (150). Findings from this study suggest that the
overexpression of ST6GAL2 leads to the suppression of the
Hippo signaling pathway, a tumor suppressor pathway that
regulates cellular differentiation and proliferation by inhibiting
YAP and TAZ transcription co-activators (151-153).

ST6GalNAc FAMILY

The six SiaTs of the ST6GalNAc family catalyze the glycosidic
linkage of sialic acids to N-galactosamine (GalNAc) residues
found on O-glycosylated proteins or glycolipids in an o2-
6 linkage.

ST6GalNAc1

ST6GalNAcI catalyzes the generation of sialyl-Tn (sTn) antigen
from Tn antigen (154). sTn is a well-known tumor-associated
carbohydrate antigen (TACA) overexpressed in multiple cancers
(155-157), and has been linked to poor prognosis (158-160).
Expression of the biosynthetic enzyme ST6GalNAcl has also
been directly associated with poor prognosis (161). Indeed,
overexpression of ST6GalNAcl in gastric, breast, prostate and
ovarian cancer cell lines and tissues has shown to induce the
expression of the sTn antigen (155, 157, 161-166). The
expression of ST6GGALNACI can also be induced by cytokines,
such as IL-13 and CCL17 secreted by M2 macrophages co-
cultured with colon cancer cells, which may result in higher
expression of sTn antigen including on MUC1 (167).
Downregulation of STEGALNACI via hyper-methylation and
loss of heterozygosity (LOH) was observed in esophageal
carcinoma in tylosis, an inherited epithelial disorder (168).
Interestingly, in prostate cancer a splice variant of ST6GalNAcl
is induced by androgens, which consists of a shorter isoform that

exhibits sialyltransferase activity yet with slightly different
properties (157).

In experimental models, overexpression of ST6GalNacl
reduced cell-cell aggregation and increased extracellular matrix
(ECM) adhesion, migration and invasion in vitro (163, 166), and
promoted tumor growth and metastasis in vivo (163, 164) (165).
Furthermore, ST6GalNAcl activity might foster cancer cell
stemness, as expression of CSC markers and tumor sphere
formation capability were increased in ST6GalNAcl
overexpressing colorectal or ovarian cancer cell lines (161,
164). Stemness through the generation of sTn seems to involve
Akt pathway signaling (161, 164), eventually in cooperation with
Galectin-3 (161).

The immunoreceptor Siglec-15 was shown to recognize sTn
antigen (169, 170), and to depend on ST6GalNacl-mediated
biosynthesis (170). Engagement of Siglec-15 by binding to
tumor-associated sTn antigen resulted in enhanced TGF-f
secretion from monocytes/macrophages following DAP12-Syk
signaling (171). Notably, a recent study showed that
macrophage-associated Siglec-15 suppressed T cell responses in
vitro and in vivo, eventually establishing a mechanism for
immune evasion in the TME (172).

ST6GalNAc2
ST6GalNac2 synthesizes sialyl-6-T antigen from T antigen, and

to a lesser extent it sialylates the Tn antigen (154, 166). High
transcriptional expression of ST6GALNAC?2 correlated with poor
prognosis in colorectal cancer (173), and was found to be
associated with higher histological tumor grade, lymph node
metastasis, and advanced clinical stage in FTC (174).
ST6GalNAc2 has been proposed to enhance invasive properties
of cancer cell lines via PI3K/Akt pathway signaling (174, 175).
However, the role of ST6GalNac2 in cancer appears not to be
unequivocally detrimental as Murugaesu and colleagues
identified ST6GalNAc2 as a novel metastasis suppressor in
mouse and human breast cancer models (176). Indeed, high
levels of STEGALNAC2 expression correlated with increased
survival in patients with breast cancer (176). The authors showed
that silencing of STEGALNAC2 modified the cell surface O-
glycome resulting in an increase in unmodified T antigen/core 1
antigen and a reduction in the disialyl core 1 antigen. Such
altered glycosylation facilitated the binding of the soluble lectin
galectin-3 and resulted in increased tumor cell aggregation,
pulmonary tumor cell retention and metastatic burden in vitro
or in vivo.

ST6GalNAc3

ST6GalNAc3 uses «2,3-sialylated ganglioside GM1b as a
substrate to synthesize the ganglioside GDla. In healthy
individuals, this enzyme is highly expressed in brain and
kidney (177). Aberrant promoter hypermethylation of
ST6GALNAC3 was found in prostate cancer tissue samples
(178), but it remains to be shown whether transcriptional
silencing of this gene influences the development or
progression of prostate cancer. However, ST6GalNAc3 seems
to promote the proliferation of A549 non-small cell lung cancer
cells through enhanced expression of transferrin receptor protein
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1 (TFR1) (179), which is important for cell proliferation and
survival (180).

ST6GalNAc4

ST6GalNAc4 mediates the synthesis of disialyl-T antigen from
sialyl-T antigen (O-glycan), and also generates the disialyl-
lactotetraosyl-ceramide GD1lo from sialyl-lactotetraosyl-
ceramide GM1b (gangliosides) yet to a lesser degree than
ST6GalNAc3 (181, 182). Upregulation of ST6GalNAc4 and
downregulation of the core 2 N-acetylglucosaminyltransferase
C2GnT2 (Gent3) were shown to be key in conferring tumor cell
glycosylation changes that contribute to metastatic activity in a
primary lung cancer model, eventually by preserving
presentation of the T-antigen and adherence to galectin 3
(183). In another study, higher expression of STEGALNAC4
was observed in FTC tissues compared to transitional tissues
and silencing of this enzyme led to decreased invasive ability in
vitro and in vivo (184).

ST6GalNAc5/GD1a Synthase

ST6GalNAc5 transfers a sialic acid residue onto GM1b to form
GD1o. (185) and this enzyme is also referred to as GD1ot synthase
(186). Indeed, transfection of the human ST6GalNAc5 cDNA into
a breast cancer cell line resulted in the expression of GD1a. (187).
A study investigating germline single-nucleotide polymorphisms
indicates that specific SNPs of ST6GALNAC5 determine
susceptibility for colorectal brain metastasis and overall survival
(188). Silencing of STEGALNACS in breast cancer cells led to
decreased metastasis in a murine model in vivo, and in an in vitro
model using human umbilical vein endothelial cells (HUVEC)
silenced cells exhibited reduced blood brain barrier (BBB)
transmigration activity (189). As opposed, a more recent study
showed that ST6GalNac5 overexpression in breast cancer cells
leads to a decreased adhesion and no change in transmigration
compared to controls in a human BBB model using CD34+
hematopoietic stem cell derived endothelial cells co-cultivated
with brain pericytes (190),. The authors of this study suggested
that differences in the used BBB models may account for these
divergent observations.

ST6GalNAc6

ST6GalNAc6 catalyzes the synthesis of o-series gangliosides,
including GD1la, GTlao and GQlbo (191), globo-series
glycosphingolipids (GSL) (192, 193), and disialyl LeA (194,
195). In humans, ST6GalNAc6 is widely expressed in different
organs (193). In human colon cancer ST6GalNAc6 is
downregulated compared to nonmalignant epithelium, which
is paralleled by a decrease in disialyl LeA expression and a
concomitant increase in sialyl LeA (195). Such downregulation
of ST6GalNAc6 occurs already in early-stage colon cancer and
has been associated with epigenetic silencing (196). The related
glycan change from disialyl LeA to sialyl LeA may increase E-
selectin binding activity during metastasis and support
inflammation-driven carcinogenesis by reduced binding to
immunoregulatory Siglec-7 (195). mRNA levels of
ST6GalNAc6 have also been found to be reduced in human
kidney tumor lesions as compared to healthy tissue from the

same patient (193). However, ST6GalNAc6 may also enhance
the metastatic capability of tumor cells, as silencing of
ST6GalNAc6 in a renal cell carcinoma (RCC) cell line,
expressing lower levels of DSGb5, exhibited decreased
migration, but not proliferation, in vitro (192). Siglec-7 binds
to the RCC cell line ACHN in a DSGb5-dependent fashion and
silencing of ST6GalNAc6 led to reduced surface binding of a
Siglec-Fc chimera protein in these cells (197). These
ST6GalNAc6 knockdown cells were more susceptible to
cytotoxicity mediated by sialidase-treated NK cells in vitro,
suggesting that this sialyltransferase has the potential to
generate glyco-immune checkpoints at least in some types
of tumors.

ST8Sia FAMILY

The ST8Sia family catalyzes the transfer of sialic acid to another
sialic acid in an 0:2,8-linkage (60). Oligosialic acid chains display a
chain of 2-7 sialic acids, whereas polysialic acid (polySia) chain
exhibit a chain of eight or more polysialic acids (198). ST8Sia2 and
4 are also called polysialyltransferases as they participate in
extending linear chains of polysialic acids (60). ST8Sia3 also
participate in polysialylation, but with less efficacy than ST8Sia2
and 4 (199). ST8Sial (GD3 synthase), ST8Sia3, ST8Sia5 and
ST8Sia6 are involved in the synthesis of sialylated glycolipids (60).

ST8Sia1/GD3 Synthase

ST8Sial is also known as GD3 synthase (GD3S), as it catalyzes the
transfer of a sialic acid residue onto GM3 to give raise to the b-
series ganglioside GD3, which can eventually be further processed
for the biosynthesis of other b-/c-series gangliosides (59). GD3S
expression positively correlates with increasing grades of
astrocytomas and is highly expressed in glioblastoma (200). In
metastatic melanoma high ST8Sial expression is associated with
detrimental outcome and higher expression in metastatic lesions,
particularly in the brain (201). Recent studies analyzing data from
The Cancer Genome Atlas (TCGA) showed an association of high
ST8Sial expression levels in breast cancer with poor patient
survival (202-204), which is eventually linked to epigenetic
hypomethylation of the ST8SIAI gene (204). As opposed, in
another study higher expression of ST8Sial mRNA in estrogen
receptor (ER) positive breast cancer patients has been associated
with higher disease free survival, while no significant difference
was found in ER negative patients (205). However, a growing body
of evidence supports the notion that ST8Sial is associated with
tumor growth and progression. In a murine model of glioma,
ST8Sial-deficient mice exhibited attenuated glioma progression,
lower-grade pathology and prolonged lifespan (206).
Furthermore, in a breast cancer xenograft model silencing of
ST8Sial led to reduced tumor growth and triptolide-mediated
downregulation of ST8Sial inhibited tumor growth and
prolonged survival (207). ST8Sial overexpression has been
shown to bypass the need of serum for cell growth and to
enhance migratory properties of breast cancer and glioma cell
lines (208, 209). Inhibition of ST8Sial function by shRNA or
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triptolide affected the initiation and maintenance of EMT and
ST8Sial expression correlated with activation of the c-Met
signaling pathway enhancing stemness and metastatic properties
(203). The implication of ST8Sial in stemness with c-Met
signaling downstream of this enzyme was also found in
experimental models of glioblastoma (200). ST8Sial activity has
also been linked to oncogenic signaling through Wnt/b-catenin or
Akt, Erk, and Src kinases (206, 210), which eventually may confer
chemoresistance (210). GD3 has been identified as a ligand for
Siglec-7 (81, 82), and ST8Sial-transfected P815 cells with high
surface expression of GD3 exhibited resistance to NK cell-
mediated cytotoxicity due to Siglec-7-dependent inhibition (211).

ST8Sia2/STX

The polysialyltransferase ST8Sia2, also known as sialyltransferase
X (STX) is involved in the synthesis of linear polymers of sialic
acid, so-called polysialic acid (polySia) chains (212). Polysialic
acids are a form of post-translational modifications on different
proteins, including the neural cell adhesion molecule (NCAM).
Besides expression in healthy neuronal tissues, ST8Sia2 is
expressed in neuronal and non-neuronal tumors and expression
levels eventually correlate with advanced stage of disease, poor
prognosis and risk of relapse (213-215). In an in vivo model,
ST8Sia2-transfected glioma cells with high expression of polySia
exhibited increased tumor invasion within the brain of recipient
mice (216). Overexpression of ST8SIA2 appears to also enhance
invasiveness and metastatic capabilities of small cell lung cancer
cells in vitro (217). Cytidine monophosphate (CMP) was reported
to competitively inhibit ST8Sia2 and treatment with CMP led to
reduced migration of ST8Sia2-expressing but not non-expressing
cell lines in 2D migration assays (218). ST8Sia2 was upregulated in
a subset of primary human carcinoma-associated fibroblasts
(CAFs), and ST8SIA2 silencing in co-cultured CAFs resulted in
decreased lung tumor cells invasion in a 3D model (215).

ST8Sia3

ST8Sia3 is highly expressed in brain and testis and mediates the
sialylation of a diversity of glycolipids (GM3, GD3 and 02,3-
sialylparagloboside) and select glycoproteins, including striatal
glycoproteins (199, 219, 220). ST8Sia3 can also transfer polySia
to NCAM, but with a lower efficacy than ST8Sia2 and ST8Sia4
(199). ST8Sia3 was shown to promote survival, proliferation,
clonogenicity, and migration of glioblastoma cells based on
ST8SIA3 knockdown experiments in vitro (221). Moreover, in
the same study it was observed that mice xenografted
intracranially with human glioblastoma cell line silenced for
ST8Sia3 showed a better overall survival and tumors obtained
from these mice demonstrated a lower Ki67 proliferation index.

ST8Sia4/PST

ST8Sia4, also known as polysialyltransferase (PST), synthesizes
slightly longer polySia chains compared to ST8Sia2, eventually
conferring different molecular properties (222). Both
polysialyltransferases are thought to contribute to the
polysialylation of NCAM in mammalian cells (223). ST8Sia4
was also reported to be overexpressed in human RCC and breast
cancer tissues and to promote cancer progression (224, 225).

In these studies, silencing of ST8Sia4 by short-hairpin RNA
(shRNA) or specific microRNA (miRNA) reduced cancer cell
proliferation and invasion in vitro, and decreased tumor growth
in vivo. High levels of ST8Sia4 expression was observed in
chemoresistant leukemic cells (226-228), which may
functionally contribute to chemoresistance, eventually by
processes involving PI3K/AKT signaling (226, 227). However,
in FTC patient tissues, ST8SIA4 was observed to be
downregulated compared to normal thyroid tissue, and
ST8Sia4 expression in cell lines inversely correlated with
proliferation, migration and invasion in vitro or tumor growth
in vivo (229). Specific miRNAs targeting ST8SIA4 were reported
to promote proliferation and invasion capabilities of FTC and
oral squamous carcinoma cells (229, 230), and to foster
epithelial-to-mesenchymal transition (230).

ST8Siab5

ST8Sia5 exhibits transferase activity of sialic acid moieties onto
several gangliosides to synthesize GT3, GD1c, GT1a and GQ1b,
respectively (231, 232). Decreased expression of ST8SIA5 from
TCGA dataset was linked to a poor survival in patients suffering
from colon cancer, and decreased ST8SIA5 transcript was also
observed in a murine model of colitis-associated cancer (233).
The reduced expression of ST8Sia5 was linked to gene regulation
by forkhead box O3 (FOXO3), the functional deficiency of which
may facilitate inflammation-mediated colon cancer
growth (233).

ST8Siab

ST8Sia6 generates disialic acid structures, eventually by transfer
of a sialic acid moiety onto a NeuAco2,3 (6)Gal disaccharide on
acceptor substrates, which include glycolipids, but preferentially
O-linked glycoproteins (234). Some investigators suggest that
ST8SIA6 Antisense RNA 1 (ST8SIA6-AS1) is associated with
poor prognosis and enhances the proliferative and metastatic
potential of cancer cells (235-240). Furthermore, ST8Sia6 may
increase the chemosensitivity of tumor cells at least to certain
drugs (226). However, ST8SIA6 expression was found to be
upregulated in several types of cancer and to be associated
with a poor prognosis (241). Engineered murine colon and
melanoma cancer cell lines expressing ST8Sia6 grew faster and
led to a decreased survival in vivo and depending on host Siglec-E
(241). Also depending on Siglec-E, ST8SIA6 expression induced
an antitumor immune responses characterized by macrophage
polarization toward M2 and upregulation of arginase, which
required Siglec-E (241). Notably, 2,8-disialic acid structures were
shown to be ligands of murine Siglec-E (242), as well as human
Siglec-7 and -9 (81, 241), and may thus act as glyco-immune
checkpoints in human cancer.

SIALIC ACID-BINDING PROTEINS IN
CANCER

Sialyltransferases are involved in the biosynthesis of tumor-
associated sialoglycans, which via recognition by sialic acid-
binding proteins, influence tumor progression and the immune
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response of the host. Siglecs and selectins are among the most
intensively studied sialic acid-binding lectins, and their
implication in cancer will be briefly discussed in this section.

Siglecs
Sialic acid-binding immunoglobulin-type lectins (Siglecs), are a
family of I-type lectins that belong to the immunoglobulin
superfamily. Siglecs are cell-surface receptors predominantly
expressed on leukocytes in a cell-specific and differentiation-
dependent manner (243). On the basis of evolutionary
conservation and sequence similarity, they are divided into two
subsets: the first comprises sialoadhesin (also known as Siglec-1
and CD169), CD22 (also known as Siglec-2), myelin-associated
glycoprotein (MAG; also known as Siglec-4) and Siglec-15 (244),
and are quite distantly related (~25-30% sequence identity)
(245). The other group comprises CD33-related Siglecs (Siglec-
3 (CD33), Siglec-5, Siglec-6, Siglec-7, Siglec-8, Siglec-9, Siglec-10,
Siglec-11, Siglec-14, and Siglec-16), which have ~50-99%
identity and have evolutionary rapidly evolved due to exon
shuffling, exon loss, gene conversion and gene duplication
(244, 245). Structurally, Siglecs consist of an amino-terminal
V-set domain that confers binding specificity for select
sialoglycan ligands, which differ across individual family
members (246), and between species (245). The V-set domain
is followed by a differing number of immunoglobulin-like
domains, a transmembrane domain, and the carboxy-terminal
cytoplasmic tail that contains inhibitory, or for fewer members
activating, signaling motifs (247). It has been proposed that
Siglec ligands might serve as self-associated molecular patterns
(SAMPs) to avoid autoreactivity of immune cells (248).
Ligands for Siglecs are broadly expressed in different types of
human tumors and in a diversity of common cancer cell lines
(18). The expression of Siglec-7 and -9 ligands protected tumor
cells from NK cell-mediated cytotoxicity in vitro, and in a Siglec
humanized in vivo model (18). In a complementary approach, it
was shown that tumor cells decorated with synthetic
glycopolymers inhibited NK cell cytotoxicity by engagement of
Siglec-7 (249). The body of evidence for Siglec-mediated
immune checkpoints in cancer is rapidly growing and indicates
that the sialic acid-Siglec axis is relevant for the control of both
myeloid and lymphoid immune cells within the tumor
microenvironment (12, 16, 17). Interestingly, Siglecs have been
shown to be up-regulated on subsets of tumor-infiltrating and
circulating cytotoxic T cells in cancer patients (20, 250), in
particular on functionally potent effector memory and EMRA
T cells (20). While a variety of Siglec-based therapeutic strategies
for cancer immunotherapy are currently under investigation (17,
251), a better understanding of the identity and expression not
only of tumor-associated sialoside ligands, but also of underlying
carrier molecule (252, 253), in specific tumors and patients, may
allow for more tailored treatment strategies.

Selectins

Selectins are a family of three calcium-dependent (C-type) lectins
comprising E-selectin, L-selectin, and P-selectin, named after
their expression on endothelial cells, leukocytes and platelets. In
contrast to L-selectin that is constitutively expressed on

leukocytes and E-selectin in postcapillary venules of the skin
and bone marrow (17), however, E- and P-selectin expression on
endothelial cells or platelets are mainly induced following
cellular activation (254). The main physiological function of all
selectins is to mediate the rolling and adhesion of leukocyte
during leukocyte recruitment to sites of inflammation or to
lymphoid tissues (254). The carbohydrate-recognition domain
(CDR) of all selectins has modest affinity to sLeX and its isomer
sLeA (254), which are among the best described ligands for
selectins (17). The synthesis of these tetrasaccharides occurs due
to the integrated action of 02,3-sialyltransferases with ol,3-
fucosyltransferases, B1,4-galactosyltranferases, and N-acetyl-B-
glucosaminyltransferases (255). As discussed above, ST3Gal3,
ST3Gal4 and ST3Gal6 are involved in the synthesis of sLeX,
while sLeA is predominantly generated by ST3Gal3.

sLeA and sLeX are known tumor markers and functionally
implicated in the malignant behavior of cancer cells (88).
Glycosylated proteins carrying sLeX/A moieties, such as PSGL-
1, CD24, CD44, ESL-1, and death receptor-3 represent major
selectin ligands on cancer cells (14). The overexpression of
selectin ligands has been linked to cancer progression and poor
prognosis in some cancers (14, 88, 256). In vivo studies using
selectin knockout or selectin ligand deficient mice highlighted
the importance of selectins in metastasis (3). Selectins seems to
contribute to metastasis through heterotypic interactions
between tumor cells, leukocytes and endothelial cells (14, 256).
These interactions may also foster tumor embolus formation
with local activation of endothelial cells and increased
transendothelial migration of both tumor cells and leukocytes
(3). Recruited leukocytes might further enhance vascular
permeability and cancer cell extravasation, and also shape the
tumor microenvironment (14). While earlier studies on selectin-
targeted therapies focused on cardiovascular disease, positive
outcomes from clinical trials have raised the interest in strategies
targeting selectin receptor-ligand interactions in cancer.

CONCLUSION

In the last decade we have witnessed a significant body of
discoveries that highlight the importance of sialic acids in cancer
biology and immuno-oncology. As biosynthetic enzymes for
sialosides, human SiaTs have long been linked to cancer
hypersialylation. However, the twenty SiaTs exhibit different
characteristics and their roles in cancer are manyfold and
complex, and remain to be fully explored. The expression of
SiaTs, sialosides and sialic acid interaction partners (e.g. Siglecs),
can vary between different types of tumors, between primary tumor
and metastatic lesion, and even between patients (19). Furthermore,
controversial observations on the role of a select SiaT may be due to
its involvement in the synthesis of multiple glycans, eventually
generating various ligands for different glycan-binding proteins.
Moreover, limitations of methodological approaches need to be
considered, such as missing environmental context for in vitro cell
cultures or species differences for in vivo studies. Functional
redundancy may exist between SiaTs, and while specific small-
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molecule SiaT inhibitors that bind and block select SiaTs may hold
promise for therapeutic and diagnostic use [for recent reviews see
(257-259)], combination strategies might be needed in a given
context. However, the observation that SiaTs are responsible for the
generation of glyco-immune checkpoints has reinvigorated
ambitions of researchers to explore the role of individual SiaTs in
cancer, which may pave the way for novel immune normalization
(260), and more personalized, cancer immunotherapies.

AUTHOR CONTRIBUTIONS

All authors wrote and approved the manuscript.

REFERENCES

—

. Bray F, Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer ] Clin (2018)
68:394-424. doi: 10.3322/caac.21492

. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA, Kinzler
KW. Cancer Genome Landscapes. Science (2013) 340:1546-58. doi: 10.1126/
science.1235122

. Boligan KF, Mesa C, Fernandez LE, Von Gunten S. Cancer Intelligence
Acquired (CIA): Tumor Glycosylation and Sialylation Codes Dismantling
Antitumor Defense. Cell Mol Life Sci (2015) 72:1231-48. doi: 10.1007/
500018-014-1799-5

4. Stowell SR, Ju T, Cummings RD. Protein Glycosylation in Cancer. Annu Rev
Pathol Mech Dis (2015) 10:473-510. doi: 10.1146/annurev-pathol-012414-
040438

. Oh-Uti K. Polysaccharides and a Glycidamin in the Tissue of Gastric
Cancer. Tohoku J Exp Med (1949) 51:297-304. doi: 10.1620/tjem.51.297

. Gasic G, Gasic T. Removal and Regeneration of the Cell Coating in Tumour
Cells. Nature (1962) 196:170. doi: 10.1038/196170a0

. Gasic G, Gasic T. Removal of Sialic Acid From the Cell Coat in Tumor Cells
and Vascular Endothelium, and its Effects on Metastasis. Proc Natl Acad Sci
USA (1962) 48:1172-7. doi: 10.1073/pnas.48.7.1172

. Munkley J, Elliott DJ. Hallmarks of Glycosylation in Cancer. Oncotarget
(2016) 7:35478-89. doi: 10.18632/oncotarget.8155

. Pinho SS, Reis CA. Glycosylation in Cancer: Mechanisms and Clinical

Implications. Nat Rev Cancer (2015) 15:540-55. doi: 10.1038/nrc3982

Mereiter S, Balmana M, Campos D, Gomes J, Reis CA. Glycosylation in the

Era of Cancer-Targeted Therapy: Where Are We Heading? Cancer Cell

(2019) 36:6-16. doi: 10.1016/j.ccell.2019.06.006

Fuster MM, Esko JD. The Sweet and Sour of Cancer: Glycans as Novel

Therapeutic Targets. Nat Rev Cancer (2005) 5:526-42. doi: 10.1038/nrc1649

Rodriguez E, Schetters STT, Van Kooyk Y. The Tumour Glyco-Code as a

Novel Immune Checkpoint for Immunotherapy. Nat Rev Immunol (2018)

18:204-11. doi: 10.1038/nri.2018.3

Samraj AN, Laubli H, Varki N, Varki A. Involvement of a Non-Human Sialic

Acid in Human Cancer. Front Oncol (2014) 4:33. doi: 10.3389/fonc.

2014.00033

Laubli H, Borsig L. Selectins Promote Tumor Metastasis. Sernin Cancer Biol

(2010) 20:169-77. doi: 10.1016/j.semcancer.2010.04.005

Adams OJ, Stanczak MA, Von Gunten S, Laubli H. Targeting Sialic Acid-

Siglec Interactions to Reverse Immune Suppression in Cancer. Glycobiology

(2018) 28:640-7. doi: 10.1093/glycob/cwx108

Duan S, Paulson JC. Siglecs as Immune Cell Checkpoints in Disease. Annu

Rev Immunol (2020) 38:365-95. doi: 10.1146/annurev-immunol-102419-

035900

Smith BAH, Bertozzi CR. The Clinical Impact of Glycobiology: Targeting

Selectins, Siglecs and Mammalian Glycans. Nat Rev Drug Discov (2021)

20:217-43. doi: 10.1038/s41573-020-00093-1

o

W

w

f=)}

~

fosd

o

10.

11.

12.

13.

14.

15.

16.

17.

FUNDING

The laboratory of SV is supported by grants from the Swiss
National Science Foundation (310030_184757), the Swiss Cancer
League/Swiss Cancer Research (KFS-4958-02-2020), and the
Bern Center for Precision Medicine (BCPM).

ACKNOWLEDGMENTS

The authors thank Aldona von Gunten, University of Bern, for
support with illustrations. The authors apologize to all colleagues
whose work has not been cited due to space limitations.

18. Jandus C, Boligan KF, Chijioke O, Liu H, Dahlhaus M, Démoulins T, et al.
Interactions Between Siglec-7/9 Receptors and Ligands Influence NK Cell-
Dependent Tumor Immunosurveillance. ] Clin Invest (2014) 124:1810-20.
doi: 10.1172/JCI65899

Haas Q, Simillion C. Von Gunten S. A Cartography of Siglecs and
Sialyltransferases in Gynecologic Malignancies: Is There a Road Towards
a Sweet Future? Front Oncol (2018) 8:68. doi: 10.3389/fonc.2018.00068
Haas Q, Boligan KF, Jandus C, Schneider C, Simillion C, Stanczak MA, et al.
Siglec-9 Regulates an Effector Memory Cd8f T-Cell Subset That
Congregates in the Melanoma Tumor Microenvironment. Cancer
Immunol Res (2019) 7:707-18. doi: 10.1158/2326-6066.CIR-18-0505
Schauer R, Kamerling JP. Exploration of the Sialic Acid World. Adv Carbohydr
Chem Biochem (2018) 75:1-213. doi: 10.1016/bs.accb.2018.09.001

Pearce OMT, Laubli H. Sialic Acids in Cancer Biology and Immunity.
Glycobiology (2015) 26:111-28. doi: 10.1093/glycob/cwv097

Varki A. Sialic Acids in Human Health and Disease. Trends Mol Med (2008)
14:351-60. doi: 10.1016/j.molmed.2008.06.002

Biill C, Stoel MA, Den Brok MH, Adema GJ. Sialic Acids Sweeten a Tumor’s
Life. Cancer Res (2014) 74:3199-204. doi: 10.1158/0008-5472.CAN-14-0728
Varki A. Glycan-Based Interactions Involving Vertebrate Sialic-Acid-
Recognizing Proteins. Nature (2007) 446:1023-9. doi: 10.1038/nature05816
Inoue S, Kitajima K. KDN (Deaminated Neuraminic Acid): Dreamful Past
and Exciting Future of the Newest Member of the Sialic Acid Family.
Glycoconj J (2006) 23:277-90. doi: 10.1007/s10719-006-6484-y

Angata T, Varki A. Chemical Diversity in the Sialic Acids and Related o
Keto Acids: An Evolutionary Perspective. Chem Rev (2002) 102:439-69.
doi: 10.1021/cr000407m

Varki A. Uniquely Human Evolution of Sialic Acid Genetics and Biology.
Proc Natl Acad Sci USA (2010) 107:8939-46. doi: 10.1073/pnas.0914634107
Chou HH, Hayakawa T, Diaz S, Krings M, Indriati E, Leakey M, et al.
Inactivation of CMP-N-Acetylneuraminic Acid Hydroxylase Occurred Prior
to Brain Expansion During Human Evolution. Proc Natl Acad Sci USA
(2002) 99:11736-41. doi: 10.1073/pnas.182257399

Okerblom J, Fletes W, Patel HH, Schenk S, Varki A, Breen EC. Human-Like
CMAH Inactivation in Mice Increases Running Endurance and Decreases
Muscle Fatigability: Implications for Human Evolution. Proc R Soc B Biol Sci
(2018) 285. doi: 10.1098/rspb.2018.1656

Malykh YN, Schauer R, Shaw L. N-Glycolylneuraminic Acid in Human
Tumours. Biochimie (2001) 83:623-34. doi: 10.1016/S0300-9084(01)01303-7
. Labrada M, Dorvignit D, Hevia G, Rodriguez-Zhurbenko N, Hernandez
AM, Vazquez AM, et al. GM3(Neu5Gc) Ganglioside: An Evolution Fixed
Neoantigen for Cancer Immunotherapy. Semin Oncol (2018) 45:41-51.
doi: 10.1053/j.seminoncol.2018.04.003

Dorvignit D, Boligan KF, Relova-Hernandez E, Clavell M, Lopez A, Labrada
M, et al. Antitumor Effects of the GM3(Neu5Gc) Ganglioside-Specific
Humanized Antibody 14f7ht Against Cmah-Transfected Cancer Cells. Sci
Rep (2019) 9:1-12. doi: 10.1038/s41598-019-46148-1

Yin J, Hashimoto A, Izawa M, Miyazaki K, Chen GY, Takematsu H, et al.
Hypoxic Culture Induces Expression of Sialin, a Sialic Acid Transporter, and
Cancer-Associated Gangliosides Containing Non-Human Sialic Acid on

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

33.

34.

Frontiers in Immunology | www.frontiersin.org

19

December 2021 | Volume 12 | Article 799861


https://doi.org/10.3322/caac.21492
https://doi.org/10.1126/science.1235122
https://doi.org/10.1126/science.1235122
https://doi.org/10.1007/s00018-014-1799-5
https://doi.org/10.1007/s00018-014-1799-5
https://doi.org/10.1146/annurev-pathol-012414-040438
https://doi.org/10.1146/annurev-pathol-012414-040438
https://doi.org/10.1620/tjem.51.297
https://doi.org/10.1038/196170a0
https://doi.org/10.1073/pnas.48.7.1172
https://doi.org/10.18632/oncotarget.8155
https://doi.org/10.1038/nrc3982
https://doi.org/10.1016/j.ccell.2019.06.006
https://doi.org/10.1038/nrc1649
https://doi.org/10.1038/nri.2018.3
https://doi.org/10.3389/fonc.2014.00033
https://doi.org/10.3389/fonc.2014.00033
https://doi.org/10.1016/j.semcancer.2010.04.005
https://doi.org/10.1093/glycob/cwx108
https://doi.org/10.1146/annurev-immunol-102419-035900
https://doi.org/10.1146/annurev-immunol-102419-035900
https://doi.org/10.1038/s41573-020-00093-1
https://doi.org/10.1172/JCI65899
https://doi.org/10.3389/fonc.2018.00068
https://doi.org/10.1158/2326-6066.CIR-18-0505
https://doi.org/10.1016/bs.accb.2018.09.001
https://doi.org/10.1093/glycob/cwv097
https://doi.org/10.1016/j.molmed.2008.06.002
https://doi.org/10.1158/0008-5472.CAN-14-0728
https://doi.org/10.1038/nature05816
https://doi.org/10.1007/s10719-006-6484-y
https://doi.org/10.1021/cr000407m
https://doi.org/10.1073/pnas.0914634107
https://doi.org/10.1073/pnas.182257399
https://doi.org/10.1098/rspb.2018.1656
https://doi.org/10.1016/S0300-9084(01)01303-7
https://doi.org/10.1053/j.seminoncol.2018.04.003
https://doi.org/10.1038/s41598-019-46148-1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hugonnet et al.

Sialyltransferases in Cancer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Human Cancer Cells. Cancer Res (2006) 66:2937-45. doi: 10.1158/0008-
5472.CAN-05-2615

Tangvoranuntakul P, Gagneux P, Diaz S, Bardor M, Varki N, Varki A, et al.
Human Uptake and Incorporation of an Immunogenic Nonhuman Dietary
Sialic Acid. Proc Natl Acad Sci USA (2003) 100:12045-50. doi: 10.1073/
pnas.2131556100

Bashir S, Fezeu LK, Leviatan Ben-Arye S, Yehuda S, Reuven EM, Szabo De
Edelenyi F, et al. Association Between Neu5Gc Carbohydrate and Serum
Antibodies Against It Provides the Molecular Link to Cancer: French
NutriNet-Santé Study. BMC Med (2020) 18(1):262. doi: 10.1186/s12916-
020-01721-8

Tanner ME. The Enzymes of Sialic Acid Biosynthesis. Bioorg Chem (2005)
33:216-28. doi: 10.1016/j.bioorg.2005.01.005

Stische R, Hinderlich S, Weise C, Effertz K, Lucka L, Moormann P, et al. A
Bifunctional Enzyme Catalyzes the First Two Steps in N- Acetylneuraminic
Acid Biosynthesis of Rat Liver. Molecular Cloning and Functional
Expression of UDP-N-Acetyl-Glucosamine 2-Epimerase N-
Acetylmannosamine Kinase. J Biol Chem (1997) 272:24319-24.
doi: 10.1074/jbc.272.39.24319

Li Y, Chen X. Sialic Acid Metabolism and Sialyltransferases: Natural
Functions and Applications. Appl Microbiol Biotechnol (2012) 94:887-905.
doi: 10.1007/s00253-012-4040-1

Verheijen FW. “Sialic Acid,”. In: Laboratory Guide to the Methods in
Biochemical Genetics. Springer, Berlin, Heidelberg: Springer (Cold Spring
Harbor Laboratory Press. (2017). p. 335-49. doi: 10.1007/978-3-540-76698-
8_19

Pshezhetsky AV, Richard C, Michaud L, Igdoura S, Wang S, Elsliger MA,
et al. Cloning, Expression and Chromosomal Mapping of Human Lysosomal
Sialidase and Characterization of Mutations in Sialidosis. Nat Genet (1997)
15:316-20. doi: 10.1038/ng0397-316

Monti E, Preti A, Rossi E, Ballabio A, Borsani G. Cloning
and Characterization of NEU2, a Human Gene Homologous to
Rodent Soluble Sialidases. Genomics (1999) 57:137-43. doi: 10.1006/
gen0.1999.5749

Wada T, Yoshikawa Y, Tokuyama S, Kuwabara M, Akita H, Miyagi T.
Cloning, Expression, and Chromosomal Mapping of a Human Ganglioside
Sialidase. Biochem Biophys Res Commun (1999) 261:21-7. doi: 10.1006/
bbrc.1999.0973

Monti E, Bassi MT, Bresciani R, Civini S, Croci GL, Papini N, et al.
Molecular Cloning and Characterization of NEU4, the Fourth Member of
the Human Sialidase Gene Family. Genomics (2004) 83:445-53.
doi: 10.1016/j.ygeno.2003.08.019

Vajaria BN, Patel KR, Begum R, Patel PS. Sialylation: An Avenue to Target
Cancer Cells. Pathol Oncol Res (2016) 22:443-7. doi: 10.1007/s12253-015-
0033-6

Paulson JC, Rademacher C. Glycan Terminator. Nat Struct Mol Biol (2009)
16:1121-2. doi: 10.1038/nsmb1109-1121

Harduin-Lepers A. Comprehensive Analysis of Sialyltransferases in
Vertebrate Genomes. Glycobiol Insights (2010) 2:29-61. doi: 10.4137/
gbi.s3123

Harduin-Lepers A, Vallejo-Ruiz V, Krzewinski-Recchi MA, Samyn-Petit B,
Julien S, Delannoy P. The Human Sialyltransferase Family. Biochimie (2001)
83:727-37. doi: 10.1016/S0300-9084(01)01301-3

Datta A. Comparative Sequence Analysis in the Sialyltransferase Protein
Family: Analysis of Motifs. Curr Drug Targets (2009) 10:483-98.
doi: 10.2174/138945009788488422

Whitehouse C, Burchell ], Gschmeissner S, Brockhausen I, Lloyd KO,
Taylor-Papadimitriou J. A Transfected Sialyltransferase That Is Elevated
in Breast Cancer and Localizes to the Medial/Trans-Golgi Apparatus
Inhibits the Development of Core-2-Based O-Glycans. ] Cell Biol (1997)
137:1229-41. doi: 10.1083/jcb.137.6.1229

Burger PC, Lotscher M, Streiff M, Kleene R, Kaissling B, Berger EG.
Immunocytochemical Localization of 0:2,3(N)-Sialyltransferase (ST3Gal
1II) in Cell Lines and Rat Kidney Tissue Sections: Evidence for Golgi and
Post-Golgi Localization. Glycobiology (1998) 8:245-57. doi: 10.1093/glycob/
8.3.245

Jones MB, Nasirikenari M, Feng L, Migliore MT, Choi KS, Kazim L, et al.
Role for Hepatic and Circulatory ST6Gal-1 Sialyltransferase in Regulating

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Myelopoiesis. J Biol Chem (2010) 285:25009-17. doi: 10.1074/
jbc.M110.104406

Cabral MG, Piteira AR, Silva Z, Ligeiro D, Brossmer R, Videira PA. Human
Dendritic Cells Contain Cell Surface Sialyltransferase Activity. Immunol Lett
(2010) 131:89-96. doi: 10.1016/j.imlet.2010.02.009

Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu
A, et al. Tissue-Based Map of the Human Proteome. Science (80- ) (2015) 347
(6220). doi: 10.1126/science.1260419

Berge PG, Wilhelm A, Schriewer H, Wiist G. Serum-Sialyltransferase
Activity in Cancer Patients. Klin Wochenschr (1982) 60:445-9.
doi: 10.1007/BF01720358

Shen ALY, Chou MD, Chi CW, Lee LS. Alterations in Serum
Sialyltransferase Activities in Patients With Brain Tumors. Surg Neurol
(1984) 22:509-14. doi: 10.1016/0090-3019(84)90313-6

Kassel D, Allen J. Elevated Plasma Sialyltransferase in the Cancer Patient.
Cancer Res (1975) 35:670-2.

Ganzinger U, Deutsch E. Serum Sialyltransferase Levels as a Parameter in the
Diagnosis and Follow-Up of Gastrointestinal Tumors. Cancer Res (1980)
40:1300-4.

Stanley P, Cummings RD. “Structures Common to Different Glycans,”. In: A
Varki, RD Cummings, JD Esko, P Stanley, GW Hart, M Aebi, AG Darvill, T
Kinoshita, NH Packer, JH Prestegard, et al, editors. Essentials of
Glycobiology, 3rd Edition, vol. chapter 14. Cold Spring Harbor New York:
Cold Spring Harbor Laboratory Press; 2015-2017 (2017). p. 161-78.
doi: 10.1101/glycobiology.3e.014

Harduin-Lepers A, Mollicone R, Delannoy P, Oriol R. The Animal
Sialyltransferases and Sialyltransferase-Related Genes: A Phylogenetic
Approach. Glycobiology (2005) 15:805-17. doi: 10.1093/glycob/cwi063
Videira PA, Correia M, Malagolini N, Crespo HJ, Ligeiro D, Calais FM, et al.
ST3Gal I Sialyltransferase Relevance in Bladder Cancer Tissues and Cell
Lines. BMC Cancer (2009) 9:357. doi: 10.1186/1471-2407-9-357

Picco G, Julien S, Brockhausen I, Beatson R, Antonopoulos A, Haslam S,
et al. Over-Expression of ST3Gal-I Promotes Mammary Tumorigenesis.
Glycobiology (2010) 20:1241-50. doi: 10.1093/glycob/cwq085

Burchell J, Poulsom R, Hanby A, Whitehouse C, Cooper L, Clausen H, et al.
An 02,3 Sialyltransferase (ST3Gal I) Is Elevated in Primary Breast
Carcinomas. Glycobiology (1999) 9:1307-11. doi: 10.1093/glycob/9.12.1307
Chong YK, Sandanaraj E, Koh LWH, Thangaveloo M, Tan MSY, Koh GRH,
et al. ST3Gall-Associated Transcriptomic Program in Glioblastoma Tumor
Growth, Invasion, and Prognosis. ] Natl Cancer Inst (2016) 108(2).
doi: 10.1093/jnci/djv326

Wu H, Shi XL, Zhang HJ, Song QJ, Yang XB, Hu WD, et al. Overexpression
of ST3Gal-I Promotes Migration and Invasion of HCCLM3 In Vitro and
Poor Prognosis in Human Hepatocellular Carcinoma. Onco Targets Ther
(2016) 9:2227-36. doi: 10.2147/OTT.S96510

Fan T, Yeo HL, Hsu HM, Yu JC, Ho MY, der Lin W, et al. Reciprocal
Feedback Regulation of ST3Gall and GFRALI Signaling in Breast Cancer
Cells. Cancer Lett (2018) 434:184-95. doi: 10.1016/j.canlet.2018.07.026
Storr SJ, Royle L, Chapman CJ, Hamid UMA, Robertson JF, Murray A, et al.
The O-Linked Glycosylation of Secretory/Shed MUC1 From an Advanced
Breast Cancer Patient’s Serum. Glycobiology (2008) 18:456-62. doi: 10.1093/
glycob/cwn022

Beatson R, Tajadura-Ortega V, Achkova D, Picco G, Tsourouktsoglou TD,
Klausing S, et al. The Mucin MUC1 Modulates the Tumor Immunological
Microenvironment Through Engagement of the Lectin Siglec-9. Nat
Immunol (2016) 17:1273-81. doi: 10.1038/ni.3552

Rodriguez E, Boelaars K, Brown K, Eveline Li RJ, Kruijssen L, Bruijns SCM,
et al. Sialic Acids in Pancreatic Cancer Cells Drive Tumour-Associated
Macrophage Differentiation via the Siglec Receptors Siglec-7 and Siglec-9.
Nat Commun (2021) 12:1270. doi: 10.1038/s41467-021-21550-4

Wu X, Zhao J, Ruan Y, Sun L, Xu C, Jiang H. Sialyltransferase ST3GAL1
Promotes Cell Migration, Invasion, and TGF-B1-Induced EMT and Confers
Paclitaxel Resistance in Ovarian Cancer. Cell Death Dis (2018) 9.
doi: 10.1038/s41419-018-1101-0

Pietrobono S, Anichini G, Sala C, Manetti F, Almada LL, Pepe S, et al.
ST3GAL1 Is a Target of the SOX2-GLI1 Transcriptional Complex and
Promotes Melanoma Metastasis Through AXL. Nat Commun (2020) 11.
doi: 10.1038/s41467-020-19575-2

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 799861


https://doi.org/10.1158/0008-5472.CAN-05-2615
https://doi.org/10.1158/0008-5472.CAN-05-2615
https://doi.org/10.1073/pnas.2131556100
https://doi.org/10.1073/pnas.2131556100
https://doi.org/10.1186/s12916-020-01721-8
https://doi.org/10.1186/s12916-020-01721-8
https://doi.org/10.1016/j.bioorg.2005.01.005
https://doi.org/10.1074/jbc.272.39.24319
https://doi.org/10.1007/s00253-012-4040-1
https://doi.org/10.1007/978-3-540-76698-8_19
https://doi.org/10.1007/978-3-540-76698-8_19
https://doi.org/10.1038/ng0397-316
https://doi.org/10.1006/geno.1999.5749
https://doi.org/10.1006/geno.1999.5749
https://doi.org/10.1006/bbrc.1999.0973
https://doi.org/10.1006/bbrc.1999.0973
https://doi.org/10.1016/j.ygeno.2003.08.019
https://doi.org/10.1007/s12253-015-0033-6
https://doi.org/10.1007/s12253-015-0033-6
https://doi.org/10.1038/nsmb1109-1121
https://doi.org/10.4137/gbi.s3123
https://doi.org/10.4137/gbi.s3123
https://doi.org/10.1016/S0300-9084(01)01301-3
https://doi.org/10.2174/138945009788488422
https://doi.org/10.1083/jcb.137.6.1229
https://doi.org/10.1093/glycob/8.3.245
https://doi.org/10.1093/glycob/8.3.245
https://doi.org/10.1074/jbc.M110.104406
https://doi.org/10.1074/jbc.M110.104406
https://doi.org/10.1016/j.imlet.2010.02.009
https://doi.org/10.1126/science.1260419
https://doi.org/10.1007/BF01720358
https://doi.org/10.1016/0090-3019(84)90313-6
https://doi.org/10.1101/glycobiology.3e.014
https://doi.org/10.1093/glycob/cwi063
https://doi.org/10.1186/1471-2407-9-357
https://doi.org/10.1093/glycob/cwq085
https://doi.org/10.1093/glycob/9.12.1307
https://doi.org/10.1093/jnci/djv326
https://doi.org/10.2147/OTT.S96510
https://doi.org/10.1016/j.canlet.2018.07.026
https://doi.org/10.1093/glycob/cwn022
https://doi.org/10.1093/glycob/cwn022
https://doi.org/10.1038/ni.3552
https://doi.org/10.1038/s41467-021-21550-4
https://doi.org/10.1038/s41419-018-1101-0
https://doi.org/10.1038/s41467-020-19575-2
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hugonnet et al.

Sialyltransferases in Cancer

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Wen KC, Sung PL, Hsieh SL, Chou YT, Lee OKS, Wu CW, et al. 02,3-
Sialyltransferase Type I Regulates Migration and Peritoneal Dissemination
of Ovarian Cancer Cells. Oncotarget (2017) 8:29013-27. doi: 10.18632/
oncotarget.15994

Li Y, Luo S, Dong W, Song X, Zhou H, Zhao L, et al. Alpha-2, 3-
Sialyltransferases Regulate the Multidrug Resistance of Chronic Myeloid
Leukemia Through miR-4701-5p Targeting ST3GALIL. Lab Investig (2016)
96:731-40. doi: 10.1038/labinvest.2016.50

Sturgill ER, Aoki K, Lopez PHH, Colacurcio D, Vajn K, Lorenzini I, et al.
Biosynthesis of the Major Brain Gangliosides GD1a and GT1b. Glycobiology
(2012) 22:1289-301. doi: 10.1093/glycob/cws103

Mehta KA, Patel KA, Pandya SJ, Patel PS. Aberrant Sialylation Plays a
Significant Role in Oral Squamous Cell Carcinoma Progression. J Oral
Pathol Med (2020) 49:253-9. doi: 10.1111/jop.12976

Aloia A, Petrova E, Tomiuk S, Bissels U, Déas O, Saini M, et al. The Sialyl-
Glycolipid Stage-Specific Embryonic Antigen 4 Marks a Subpopulation of
Chemotherapy-Resistant Breast Cancer Cells With Mesenchymal Features.
Breast Cancer Res (2015) 17:146. doi: 10.1186/s13058-015-0652-6

Liang YJ, Ding Y, Levery SB, Lobaton M, Handa K, Hakomori SI. Differential
Expression Profiles of Glycosphingolipids in Human Breast Cancer Stem
Cells vs. Cancer Non-Stem Cells. Proc Natl Acad Sci USA (2013) 110:4968—
73. doi: 10.1073/pnas.1302825110

Saito S, Aoki H, Ito A, Ueno S, Wada T, Mitsuzuka K, et al. Human 02,3-
Sialyltransferase (ST3Gal II) Is a Stage-Specific Embryonic Antigen-4
Synthase. ] Biol Chem (2003) 278:26474-9. doi: 10.1074/jbc.M213223200
Lou YW, Wang PY, Yeh SC, Chuang PK, Li ST, Wu CY, et al. Stage-Specific
Embryonic Antigen-4 as a Potential Therapeutic Target in Glioblastoma
Multiforme and Other Cancers. Proc Natl Acad Sci USA (2014) 111:2482-7.
doi: 10.1073/pnas.1400283111

Sivasubramaniyan K, Harichandan A, Schilbach K, Mack AF, Bedke J, Stenzl
A, et al. Expression of Stage-Specific Embryonic Antigen-4 (SSEA-4) Defines
Spontaneous Loss of Epithelial Phenotype in Human Solid Tumor Cells.
Glycobiology (2015) 25:902-17. doi: 10.1093/glycob/cwv032

Yamaji T, Teranishi T, Alphey MS, Crocker PR, Hashimoto Y. A Small Region of
the Natural Killer Cell Receptor, Siglec-7, Is Responsible for Its Preferred
Binding to 0:2,8-Disialyl and Branched 0:2,6-Sialyl Residues. A Comparison
With Siglec-9. ] Biol Chem (2002) 277:6324-32. doi: 10.1074/jbc.M110146200
Ito A, Handa K, Withers DA, Satoh M. Hakomori S Itiroh. Binding
Specificity of Siglec-7 to Disialogangliosides of Renal Cell Carcinoma:
Possible Role of Disialogangliosides in Tumor Progression. FEBS Lett
(2001) 504:82-6. doi: 10.1016/S0014-5793(01)02734-X

Dall’Olio F, Malagolini N, Trinchera M, Chiricolo M. Sialosignaling:
Sialyltransferases as Engines of Self-Fueling Loops in Cancer Progression.
Biochim Biophys Acta - Gen Subj (2014) 1840:2752-64. doi: 10.1016/
j.bbagen.2014.06.006

Carvalho AS, Harduin-Lepers A, Magalhdes A, Machado E, Mendes N,
Costa LT, et al. Differential Expression of o.-2,3-Sialyltransferases and o.-1,3/
4-Fucosyltransferases Regulates the Levels of Sialyl Lewis a and Sialyl Lewis
X in Gastrointestinal Carcinoma Cells. Int ] Biochem Cell Biol (2010) 42:80—
9. doi: 10.1016/j.biocel.2009.09.010

Cui HX, Wang H, Wang Y, Song J, Tian H, Xia C, et al. ST3Gal III
Modulates Breast Cancer Cell Adhesion and Invasion by Altering the
Expression of Invasion-Related Molecules. Oncol Rep (2016) 36:3317-24.
doi: 10.3892/0r.2016.5180

Pérez-Garay M, Arteta B, Pages L, de Llorens R, de Bolos C, Vidal-Vanaclocha F,
et al. 02,3-Sialyltransferase ST3Gal III Modulates Pancreatic Cancer Cell
Motility and Adhesion In Vitro and Enhances Its Metastatic Potential In Vivo.
PLoS One (2010) 5:1-11. doi: 10.1371/journal.pone.0012524

Guerrero PE, Miro L, Wong BS, Massaguer A, Martinez-Bosch N, de Llorens
R, et al. Knockdown of 0:2,3-Sialyltransferases Impairs Pancreatic Cancer
Cell Migration, Invasion and E-Selectin-Dependent Adhesion. Int ] Mol Sci
(2020) 21:1-24. doi: 10.3390/ijms21176239

Kannagi R, Izawa M, Koike T, Miyazaki K, Kimura N. Carbohydrate-
Mediated Cell Adhesion in Cancer Metastasis and Angiogenesis. Cancer
Sci (2004) 95:377-84. doi: 10.1111/j.1349-7006.2004.tb03219.x

Jin F, Wang F. The Physiological and Pathological Roles and Applications of
Sialyl Lewis X, A Common Carbohydrate Ligand of the Three Selectins.
Glycoconj J (2020) 37:277-91. doi: 10.1007/s10719-020-09912-4

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Recchi MA, Hebbar M, Hornez L, Harduin-Lepers A, Peyrat JP, Delannoy P.
Multiplex Reverse Transcription Polymerase Chain Reaction Assessment of
Sialyltransferase Expression in Human Breast Cancer. Cancer Res (1998)
58:4066-70.

Zhang X, Yang X, Chen M, Zheng S, Li J, Lin S, et al. ST3Gal3 Confers
Paclitaxel-Mediated Chemoresistance in Ovarian Cancer Cells by
Attenuating Caspase-8/3 Signaling. Mol Med Rep (2019) 20:4499-506.
doi: 10.3892/mmr.2019.10712

Wang X, Zhang Y, Lin H, Liu Y, Tan Y, Lin J, et al. Alpha2,3-
Sialyltransferase III Knockdown Sensitized Ovarian Cancer Cells to
Cisplatin-Induced Apoptosis. Biochem Biophys Res Commun (2017)
482:758-63. doi: 10.1016/j.bbrc.2016.11.107

Gomes C, Osorio H, Pinto MT, Campos D, Oliveira MJ, Reis CA. Expression
of ST3Gal4 Leads to SLex Expression and Induces C-Met Activation and an
Invasive Phenotype in Gastric Carcinoma Cells. PLoS One (2013) 8:e66737.
doi: 10.1371/journal.pone.0066737

Shen L, Luo Z, Wu J, Qiu L, Luo M, Ke Q, et al. Enhanced Expression of 0.2,
3-Linked Sialic Acids Promotes Gastric Cancer Cell Metastasis and
Correlates With Poor Prognosis. Int J Oncol (2017) 50:1201-10.
doi: 10.3892/ij0.2017.3882

Pérez-Garay M, Arteta B, Llop E, Cobler L, Pageés L, Ortiz R, et al. 02,3-
Sialyltransferase ST3Gal IV Promotes Migration and Metastasis in
Pancreatic Adenocarcinoma Cells and Tends to be Highly Expressed in
Pancreatic Adenocarcinoma Tissues. Int ] Biochem Cell Biol (2013) 45:1748~
57. doi: 10.1016/j.biocel.2013.05.015

Narimatsu Y, Joshi HJ, Nason R, Van Coillie ], Karlsson R, Sun L, et al. An
Atlas of Human Glycosylation Pathways Enables Display of the Human
Glycome by Gene Engineered Cells. Mol Cell (2019) 75:394-407.e5.
doi: 10.1016/j.molcel.2019.05.017

Roa-De la Cruz L, Martinez-Morales P, Moran-Cruz I, Milflores-Flores L,
Rosas-Murrieta N, Gonzalez-Ramirez C, et al. Expression Analysis of
ST3Gal4 Transcripts in Cervical Cancer Cells. Mol Med Rep (2018)
18:617-21. doi: 10.3892/mmr.2018.8938

Saito S, Yamashita SI, Endoh M, Yamato T, Hoshi S, Ohyama C, et al.
Clinical Significance of ST3Gal IV Expression in Human Renal Cell
Carcinoma. Oncol Rep (2002) 9:1251-5. doi: 10.3892/0r.9.6.1251
Taniguchi A. Promoter Structure and Transcriptional Regulation of Human
B-Galactoside 02, 3-Sialyltransferase Genes. Curr Drug Targets (2008)
9:310-6. doi: 10.2174/138945008783954998

Bowser LE, Young M, Wenger OK, Ammous Z, Brigatti KW, Carson V],
et al. Recessive GM3 Synthase Deficiency: Natural History, Biochemistry,
and Therapeutic Frontier. Mol Genet Metab (2019) 126:475-88. doi: 10.1016/
j.ymgme.2019.01.013

Inokuchi J, Inamori K, Kabayama K, Nagafuku M, Uemura S, Go S, et al.
Biology of GM3 Ganglioside. Prog Mol Biol Transl Sci (2018) 156:151-95.
doi: 10.1016/bs.pmbts.2017.10.004

Hakomori SI, Handa K. GM3 and Cancer. Glycoconj J (2015) 32:1-8.
doi: 10.1007/s10719-014-9572-4

Rapoport E, Mikhalyov I, Zhang J, Crocker P, Bovin N. Ganglioside Binding
Pattern of CD33-Related Siglecs. Bioorganic Med Chem Lett (2003) 13:675-8.
doi: 10.1016/S0960-894X(02)00998-8

Uemura S, Go S, Shishido F, Inokuchi JI. Expression Machinery of GM4: The
Excess Amounts of GM3/GM4S Synthase (ST3Gal5) Are Necessary for GM4
Synthesis in Mammalian Cells. Glycoconj J (2014) 31:101-8. doi: 10.1007/
510719-013-9499-1

Suzuki M, Nagane M, Kato K, Yamauchi A, Shimizu T, Yamashita H, et al.
Endothelial Ganglioside GM3 Regulates Angiogenesis in Solid Tumors.
Biochem Biophys Res Commun (2021) 569:10-6. doi: 10.1016/j.bbrc.2021.
06.063

Ouyang S, Liu JH, Ni Z, Ding GF, Wang QZ. Downregulation of ST3Gal5 is
Associated With Muscle Invasion, High Grade and a Poor Prognosis in
Patients With Bladder Cancer. Oncol Lett (2020) 20:828-40. doi: 10.3892/
01.2020.11597

Ley K. The Role of Selectins in Inflammation and Disease. Trends Mol Med
(2003) 9:263-8. doi: 10.1016/S1471-4914(03)00071-6

Yang WH, Nussbaum C, Grewal PK, Marth JD, Sperandio M. Coordinated Roles
of ST3Gal VI and ST3Gal IV Sialyltransferases in the Synthesis of Selectin
Ligands. Blood (2012) 120:1015-26. doi: 10.1182/blood-2012-04-424366

Frontiers in Immunology | www.frontiersin.org

81

December 2021 | Volume 12 | Article 799861


https://doi.org/10.18632/oncotarget.15994
https://doi.org/10.18632/oncotarget.15994
https://doi.org/10.1038/labinvest.2016.50
https://doi.org/10.1093/glycob/cws103
https://doi.org/10.1111/jop.12976
https://doi.org/10.1186/s13058-015-0652-6
https://doi.org/10.1073/pnas.1302825110
https://doi.org/10.1074/jbc.M213223200
https://doi.org/10.1073/pnas.1400283111
https://doi.org/10.1093/glycob/cwv032
https://doi.org/10.1074/jbc.M110146200
https://doi.org/10.1016/S0014-5793(01)02734-X
https://doi.org/10.1016/j.bbagen.2014.06.006
https://doi.org/10.1016/j.bbagen.2014.06.006
https://doi.org/10.1016/j.biocel.2009.09.010
https://doi.org/10.3892/or.2016.5180
https://doi.org/10.1371/journal.pone.0012524
https://doi.org/10.3390/ijms21176239
https://doi.org/10.1111/j.1349-7006.2004.tb03219.x
https://doi.org/10.1007/s10719-020-09912-4
https://doi.org/10.3892/mmr.2019.10712
https://doi.org/10.1016/j.bbrc.2016.11.107
https://doi.org/10.1371/journal.pone.0066737
https://doi.org/10.3892/ijo.2017.3882
https://doi.org/10.1016/j.biocel.2013.05.015
https://doi.org/10.1016/j.molcel.2019.05.017
https://doi.org/10.3892/mmr.2018.8938
https://doi.org/10.3892/or.9.6.1251
https://doi.org/10.2174/138945008783954998
https://doi.org/10.1016/j.ymgme.2019.01.013
https://doi.org/10.1016/j.ymgme.2019.01.013
https://doi.org/10.1016/bs.pmbts.2017.10.004
https://doi.org/10.1007/s10719-014-9572-4
https://doi.org/10.1016/S0960-894X(02)00998-8
https://doi.org/10.1007/s10719-013-9499-1
https://doi.org/10.1007/s10719-013-9499-1
https://doi.org/10.1016/j.bbrc.2021.06.063
https://doi.org/10.1016/j.bbrc.2021.06.063
https://doi.org/10.3892/ol.2020.11597
https://doi.org/10.3892/ol.2020.11597
https://doi.org/10.1016/S1471-4914(03)00071-6
https://doi.org/10.1182/blood-2012-04-424366
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hugonnet et al.

Sialyltransferases in Cancer

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

122.

123.

124.

125.

126.

127.

Glavey SV, Manier S, Natoni A, Sacco A, Moschetta M, Reagan MR, et al.
The Sialyltransferase ST3GAL6 Influences Homing and Survival in Multiple
Myeloma. Blood (2014) 124:1765-76. doi: 10.1182/blood-2014-03-560862
Cuello HA, Segatori VI, Alberto M, Gulino CA, Aschero R, Camarero S, et al.
Aberrant O-Glycosylation Modulates Aggressiveness in Neuroblastoma.
Oncotarget (2018) 9:34176-88. doi: 10.18632/oncotarget.26169

Cuello HA, Ferreira GM, Gulino CA, Toledo AG, Segatori VI, Gabri MR.
Terminally Sialylated and Fucosylated Complex N-Glycans Are Involved in
the Malignant Behavior of High-Grade Glioma. Oncotarget (2021) 11:4822-
35. doi: 10.18632/ONCOTARGET.27850

Sun M, Zhao X, Liang L, Pan X, Lv H, Zhao Y. Sialyltransferase ST3Gal6
Mediates the Effect of microRNA-26a on Cell Growth, Migration, and
Invasion in Hepatocellular Carcinoma Through the Protein Kinase B/
Mammalian Target of Rapamycin Pathway. Cancer Sci (2017) 108:267-76.
doi: 10.1111/cas.13128

Dalangood S, Zhu Z, Ma Z, Li ], Zeng Q, Yan Y, et al. Identification of
Glycogene-Type and Validation of ST3GAL6 as a Biomarker Predicts
Clinical Outcome and Cancer Cell Invasion in Urinary Bladder Cancer.
Theranostics (2020) 10:10078-91. doi: 10.7150/thno.48711

Venturi G, Gomes Ferreira I, Pucci M, Ferracin M, Malagolini N, Chiricolo
M, et al. Impact of Sialyltransferase ST6Gall Overexpression on Different
Colon Cancer Cell Types. Glycobiology (2019) 29:684-95. doi: 10.1093/
glycob/cwz053

Kaneko Y, Yamamoto H, Kersey DS, Colley K], Leestma JE, Moskal JR. The
Expression of GalPl,4glcnac 02,6 Sialyltransferase and 0.2, 6-Linked
Sialoglycoconjugates in Human Brain Tumors. Acta Neuropathol (1996)
91:284-92. doi: 10.1007/s004010050427

Olio FD, Malagolini N, di Stefano G, Minni F, Marrano D, Serafini-Cessi F.
Increased CMP-NeuAc:GalP1,4glcnac-R 02,6 Sialyltransferase Activity in
Human Colorectal Cancer Tissues. Int | Cancer (1989) 44:434-9.
doi: 10.1002/ijc.2910440309

Gretschel S, Haensch W, Schlag PM, Kemmner W. Clinical Relevance of
Sialyltransferases ST6Gal I and ST3Gal III in Gastric Cancer. Oncology
(2003) 65:139-45. doi: 10.1159/000072339

Wang PH, Feng Li Y, Juang CM, Lee YR, Chao HT, Tsai YC, et al. Altered
mRNA Expression of Sialyltransferase in Squamous Cell Carcinomas of the
Cervix. Gynecol Oncol (2001) 83:121-7. doi: 10.1006/gyno.2001.6358

Hsieh CC, Shyr YM, Liao WY, Chen TH, Wang SE, Lu PC, et al. Elevation of
B-Galactoside 0:2,6-Sialyltransferase 1 in a Fructose-Responsive Manner
Promotes Pancreatic Cancer Metastasis. Oncotarget (2016) 8:7691-709.
doi: 10.18632/oncotarget.13845

Wichert B, Milde-Langosch K, Galatenko V, Schmalfeldt B, Oliveira-Ferrer
L. Prognostic Role of the Sialyltransferase ST6Gall in Ovarian Cancer.
Glycobiology (2018) 28:898-903. doi: 10.1093/glycob/cwy065

. Garnham R, Scott E, Livermore KE, Munkley J. ST6Gall: A Key Player in

Cancer. Oncol Lett (2019) 18:983-9. doi: 10.3892/01.2019.10458

Wei A, Fan B, Zhao Y, Zhang H, Wang L, Yu X, et al. ST6Gal I
Overexpression Facilitates Prostate Cancer Progression via the PI3K/Akt/
GSK-3B/B-Catenin Signaling Pathway. Oncotarget (2016) 7:65374-88.
doi: 10.18632/oncotarget.11699

Jung YR, ParkJJ, Jin YB, Cao Y], Park MJ, Kim EJ, et al. Silencing of ST6Gal I
Enhances Colorectal Cancer Metastasis by Down-Regulating KAIl via
Exosome-Mediated Exportation and Thereby Rescues Integrin Signaling.
Carcinogenesis (2016) 37:1089-97. doi: 10.1093/carcin/bgw091

Yamamoto H, Kaneko Y, Rebbaa A, Bremer EG, Moskal JR. 02,6-
Sialyltransferase Gene Transfection Into a Human Glioma Cell Line
(U373 MG) Results in Decreased Invasivity. ] Neurochem (1997) 68:2566—
76. doi: 10.1046/j.1471-4159.1997.68062566.x

Yamamoto H, Oviedo A, Sweeley C, Saito T, Moskal JR. a2, 6-Sialylation of
Cell-Surface N-Glycans Inhibits Glioma Formation In Vivo. Cancer Res
(2001) 61:6822-9.

Antony P, Rose M, Heidenreich A, Kniichel R, Gaisa N'T, Dahl E. Epigenetic
Inactivation of ST6GALI in Human Bladder Cancer. BMC Cancer (2014) 14.
doi: 10.1186/1471-2407-14-901

Jones RB, Dorsett KA, Hjelmeland AB, Bellis SL. The ST6Gal-I
Sialyltransferase Protects Tumor Cells Against Hypoxia by Enhancing
HIF-1 Signaling. J Biol Chem (2018) 293:5659-67. doi: 10.1074/
jbc.RA117.001194

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Lu J, Isaji T, Im S, Fukuda T, Hashii N, Takakura D, et al. B-Galactoside
02,6-Sialyltranferase 1 Promotes Transforming Growth Factor-B-Mediated
Epithelial-Mesenchymal Transition. J Biol Chem (2014) 289:34627-41.
doi: 10.1074/jbc.M114.593392

Britain CM, Bhalerao N, Silva AD, Chakraborty A, Buchsbaum DJ, Crowley
MR, et al. Glycosyltransferase ST6Gal-I Promotes the Epithelial to
Mesenchymal Transition in Pancreatic Cancer Cells. J Biol Chem (2021)
296. doi: 10.1074/jbc.RA120.014126

Meng Q, Ren C, Wang L, Zhao Y, Wang S. Knockdown of ST6Gal-I Inhibits
the Growth and Invasion of Osteosarcoma MG-63 Cells. BioMed
Pharmacother (2015) 72:172-8. doi: 10.1016/j.biopha.2015.04.020

Swindall AF, Londono-Joshi Al, Schultz MJ, Fineberg N, Buchsbaum D],
Bellis SL. ST6Gal I Protein Expression Is Upregulated in Human Epithelial
Tumors and Correlates With Stem Cell Markers in Normal Tissues and
Colon Cancer Cell Lines. Cancer Res (2013) 73:2368-78. doi: 10.1158/0008-
5472.CAN-12-3424

Dorsett KA, Jones RB, Ankenbauer KE, Hjelmeland AB, Bellis SL. Sox2
Promotes Expression of the ST6Gal-I Glycosyltransferase in Ovarian Cancer
Cells. ] Ovarian Res (2019) 12:93. doi: 10.1186/s13048-019-0574-5
Alexander K, Serrano C, Chakraborty A, Nearing M, Council L, Riquelme A,
et al. Modulation of Glycosyltransferase ST6Gal-I in Gastric Cancer-Derived
Organoids Disrupts Homeostatic Epithelial Cell Turnover. J Biol Chem
(2020) 295:14153-63. doi: 10.1074/JBC.RA120.014887

Vergeé C, Bouchatal A, Chirat F, Guérardel Y, Maftah A, Petit ]. Involvement
of ST6Gal I-Mediated o2, 6 Sialylation in Myoblast Proliferation and
Differentiation. FEBS Open Bio (2020) 10:56-69. doi: 10.1002/2211-
5463.12745

Wang YC, Stein JW, Lynch CL, Tran HT, Lee CY, Coleman R, et al
Glycosyltransferase ST6Gall Contributes to the Regulation of Pluripotency
in Human Pluripotent Stem Cells. Sci Rep (2015) 5:1-13. doi: 10.1038/
srepl3317

Schultz MJ, Holdbrooks AT, Chakraborty A, Grizzle WE, Landen CN,
Buchsbaum DJ, et al. The Tumor-Associated Glycosyltransferase ST6Gal-I
Regulates Stem Cell Transcription Factors and Confers a Cancer Stem Cell
Phenotype. Cancer Res (2016) 76:3978-88. doi: 10.1158/0008-5472.CAN-15-
2834

Cui H, Yang S, Jiang Y, Li C, Zhao Y, Shi Y, et al. The Glycosyltransferase
ST6Gal-I Is Enriched in Cancer Stem-Like Cells in Colorectal Carcinoma
and Contributes to Their Chemo-Resistance. Clin Transl Oncol (2018)
20:1175-84. doi: 10.1007/s12094-018-1840-5

Chakraborty A, Dorsett KA, Trummell HQ, Yang ES, Oliver PG, Bonner JA,
et al. ST6Gal I Sialyltransferase Promotes Chemoresistance in Pancreatic
Ductal Adenocarcinoma by Abrogating Gemcitabine-Mediated DNA
Damage. ] Biol Chem (2018) 293:984-94. doi: 10.1074/jbc.M117.808584
Zhang X, Pan C, Zhou L, Cai Z, Zhao S, Yu D. Knockdown of ST6Gal I
Increases Cisplatin Sensitivity in Cervical Cancer Cells. BMC Cancer (2016)
16:949. doi: 10.1186/512885-016-2981-y

Liu N, Zhu M, Linhai Y, Song Y, Gui X, Tan G, et al. Increasing HER2 A2, 6
Sialylation Facilitates Gastric Cancer Progression and Resistance via the Akt and
ERK Pathways. Oncol Rep (2018) 40:2997-3005. doi: 10.3892/0r.2018.6680
Duarte HO, Rodrigues JG, Gomes C, Hensbergen PJ, Ederveen ALH, de Ru
AH, et al. ST6Gall Targets the Ectodomain of ErbB2 in a Site-Specific
Manner and Regulates Gastric Cancer Cell Sensitivity to Trastuzumab.
Oncogene (2021) 40:3719-33. doi: 10.1038/s41388-021-01801-w

Britain CM, Holdbrooks AT, Anderson JC, Willey CD, Bellis SL. Sialylation
of EGFR by the ST6Gal I Sialyltransferase Promotes EGFR Activation and
Resistance to Gefitinib-Mediated Cell Death. J Ovarian Res (2018) 11:12.
doi: 10.1186/s13048-018-0385-0

Liu Z, Swindall AF, Kesterson RA, Schoeb TR, Bullard DC, Bellis SL. ST6Gal
I Regulates Macrophage Apoptosis via 0.2-6 Sialylation of the TNFR1 Death
Receptor. J Biol Chem (2011) 286:39654-62. doi: 10.1074/jbc.M111.276063
Holdbrooks AT, Britain CM, Bellis SL. ST6Gal-I Sialyltransferase Promotes
Tumor Necrosis Factor (TNF)-Mediated Cancer Cell Survival via Sialylation
of the TNF Receptor 1 (TNFR1) Death Receptor. ] Biol Chem (2018)
293:1610-22. doi: 10.1074/jbc.m117.801480

Swindall AF, Bellis SL. Sialylation of the Fas Death Receptor by ST6Gal-I
Provides Protection Against Fas-Mediated Apoptosis in Colon Carcinoma
Cells. ] Biol Chem (2011) 286:22982-90. doi: 10.1074/jbc.M110.211375

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 799861


https://doi.org/10.1182/blood-2014-03-560862
https://doi.org/10.18632/oncotarget.26169
https://doi.org/10.18632/ONCOTARGET.27850
https://doi.org/10.1111/cas.13128
https://doi.org/10.7150/thno.48711
https://doi.org/10.1093/glycob/cwz053
https://doi.org/10.1093/glycob/cwz053
https://doi.org/10.1007/s004010050427
https://doi.org/10.1002/ijc.2910440309
https://doi.org/10.1159/000072339
https://doi.org/10.1006/gyno.2001.6358
https://doi.org/10.18632/oncotarget.13845
https://doi.org/10.1093/glycob/cwy065
https://doi.org/10.3892/ol.2019.10458
https://doi.org/10.18632/oncotarget.11699
https://doi.org/10.1093/carcin/bgw091
https://doi.org/10.1046/j.1471-4159.1997.68062566.x
https://doi.org/10.1186/1471-2407-14-901
https://doi.org/10.1074/jbc.RA117.001194
https://doi.org/10.1074/jbc.RA117.001194
https://doi.org/10.1074/jbc.M114.593392
https://doi.org/10.1074/jbc.RA120.014126
https://doi.org/10.1016/j.biopha.2015.04.020
https://doi.org/10.1158/0008-5472.CAN-12-3424
https://doi.org/10.1158/0008-5472.CAN-12-3424
https://doi.org/10.1186/s13048-019-0574-5
https://doi.org/10.1074/JBC.RA120.014887
https://doi.org/10.1002/2211-5463.12745
https://doi.org/10.1002/2211-5463.12745
https://doi.org/10.1038/srep13317
https://doi.org/10.1038/srep13317
https://doi.org/10.1158/0008-5472.CAN-15-2834
https://doi.org/10.1158/0008-5472.CAN-15-2834
https://doi.org/10.1007/s12094-018-1840-5
https://doi.org/10.1074/jbc.M117.808584
https://doi.org/10.1186/s12885-016-2981-y
https://doi.org/10.3892/or.2018.6680
https://doi.org/10.1038/s41388-021-01801-w
https://doi.org/10.1186/s13048-018-0385-0
https://doi.org/10.1074/jbc.M111.276063
https://doi.org/10.1074/jbc.m117.801480
https://doi.org/10.1074/jbc.M110.211375
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hugonnet et al.

Sialyltransferases in Cancer

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Zhuo Y, Chammas R, Bellis SL. Sialylation of Betal Integrins Blocks Cell
Adhesion to Galectin-3 and Protects Cells Against Galectin-3-Induced
Apoptosis. ] Biol Chem (2008) 283:22177-85. doi: 10.1074/jbc.m8000015200
Krzewinski-Recchi MA, Julien S, Juliant S, Teintenier-Leliévre M, Samyn-
Petit B, Montiel MD, et al. Identification and Functional Expression of a
Second Human B-Galactoside 02, 6-Sialyltransferase, ST6Gal II. Eur J
Biochem (2003) 270:950-61. doi: 10.1046/j.1432-1033.2003.03458.x
Takashima S, Tsuji S, Tsujimoto M. Characterization of the Second Type of
Human B-Galactoside 0.2, 6-Sialyltransferase (ST6Gal II), Which Sialylates
GalPl, 4glcnac Structures on Oligosaccharides Preferentially: Genomic
Analysis of Human Sialyltransferase Genes. J Biol Chem (2002)
277:45719-28. doi: 10.1074/jbc.M206808200

Cheng J, Wang R, Zhong G, Chen X, Cheng Y, Li W, et al. ST6GAL2
Downregulation Inhibits Cell Adhesion and Invasion and Is Associated With
Improved Patient Survival in Breast Cancer. Onco Targets Ther (2020)
13:903-14. doi: 10.2147/OTT.S230847

Xu G, Chen ], Wang G, Xiao J, Zhang N, Chen Y, et al. Resveratrol Inhibits
the Tumorigenesis of Follicular Thyroid Cancer via ST6Gal2-Regulated
Activation of the Hippo Signaling Pathway. Mol Ther - Oncolytics (2020)
16:124-33. doi: 10.1016/j.0mt0.2019.12.010

Maugeri-Sacca M, De Maria R. The Hippo Pathway in Normal Development
and Cancer. Pharmacol Ther (2018) 186:60-72. doi: 10.1016/
j.pharmthera.2017.12.011

Qiao Y, Li T, Zheng S, Wang H. The Hippo Pathway as a Drug Target in
Gastric Cancer. Cancer Lett (2018) 420:14-25. doi: 10.1016/
j.canlet.2018.01.062

Yu FX, Zhao B, Guan KL. Hippo Pathway in Organ Size Control, Tissue
Homeostasis, and Cancer. Cell (2015) 163:811-28. doi: 10.1016/
j.cell.2015.10.044

Marcos NT, Pinho S, Grandela C, Cruz A, Samyn-Petit B, Harduin-Lepers A,
et al. Role of the Human ST6GalNAc I and ST6GalNAc II in the Synthesis of
the Cancer-Associated Sialyl-Tn Antigen. Cancer Res (2004) 64:7050-7.
doi: 10.1158/0008-5472.CAN-04-1921

Munkley J. The Role of Sialyl-Tn in Cancer. Int ] Mol Sci (2016) 17(3):275.
doi: 10.3390/ijms17030275

Schmitt FC, Figueiredo P, Lacerda M. Simple Mucin-Type Carbohydrate
Antigens (T, Sialosyl-T, Tn and Sialosyl-Tn) in Breast Carcinogenesis.
Virchows Arch (1995) 427:251-8. doi: 10.1007/BF00203391

Munkley J, Oltean S, Vodak D, Wilson BT, Livermore KE, Zhou Y, et al. The
Androgen Receptor Controls Expression of the Cancer Associated sTn
Antigen and Cell Adhesion Through Induction of ST6GalNAcl in
Prostate Cancer. Oncotarget (2015) 6:34358-74. doi: 10.18632/
oncotarget.6024

Victorzon M, Nordling S, Nilsson O, Roberts PJ, Haglund C. Sialyl Tn
Antigen Is an Independent Predictor of Outcome in Patients With Gastric
Cancer. Int J Cancer (1996) 65:295-300. doi: 10.1002/(SICI)1097-0215
(19960126)65:3<295::AID-1JC3>3.0.CO;2-V

Leivonen M, Nordling S, Lundin J, Von Boguslawski K, Haglund C. STn and
Prognosis in Breast Cancer. Oncology (2001) 61:299-305. doi: 10.1159/
000055337

Costa C, Pereira S, Lima L, Peixoto A, Fernandes E, Neves D, et al. Abnormal
Protein Glycosylation and Activated PI3K/Akt/mTOR Pathway: Role in
Bladder Cancer Prognosis and Targeted Therapeutics. PLoS One (2015) 10:
€0141253. doi: 10.1371/journal.pone.0141253

Ogawa T, Hirohashi Y, Murai A, Nishidate T, Okita K, Wang L, et al.
ST6GalNAcl Plays Important Roles in Enhancing Cancer Stem Phenotypes
of Colorectal Cancer via the Akt Pathway. Oncotarget (2017) 8:112550-64.
doi: 10.18632/oncotarget.22545

Sewell R, Bickstrom M, Dalziel M, Gschmeissner S, Karlsson H, Noll T, et al.
The ST6GalNAc I Sialyltransferase Localizes Throughout the Golgi and Is
Responsible for the Synthesis of the Tumor-Associated Sialyl-Tn O-Glycan
in Human Breast Cancer. J Biol Chem (2006) 281:3586-94. doi: 10.1074/
jbc.M511826200

Julien S, Adriaenssens E, Ottenberg K, Furlan A, Courtand G, Vercoutter-
Edouart AS, et al. ST6GalNAc I Expression in MDA-MB-231 Breast Cancer
Cells Greatly Modifies Their O-Glycosylation Pattern and Enhances Their
Tumourigenicity. Glycobiology (2006) 16:54-64. doi: 10.1093/glycob/cwj033

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Wang WY, Cao YX, Zhou X, Wei B, Zhan L, Sun SY. Stimulative Role of
ST6GalNAcl in Proliferation, Migration and Invasion of Ovarian Cancer
Stem Cells via the Akt Signaling Pathway. Cancer Cell Int (2019) 19:86.
doi: 10.1186/512935-019-0780-7

Ozaki H, Matsuzaki H, Ando H, Kaji H, Nakanishi H, Ikehara Y, et al.
Enhancement of Metastatic Ability by Ectopic Expression of ST6GalNAc I
on a Gastric Cancer Cell Line in a Mouse Model. Clin Exp Metastasis (2012)
29:229-38. doi: 10.1007/s10585-011-9445-1

Pinho S, Marcos NT, Ferreira B, Carvalho AS, Oliveira MJ, Santos-Silva F,
et al. Biological Significance of Cancer-Associated Sialyl-Tn Antigen:
Modulation of Malignant Phenotype in Gastric Carcinoma Cells. Cancer
Lett (2007) 249:157-70. doi: 10.1016/j.canlet.2006.08.010

Kvorjak M, Ahmed Y, Miller ML, Sriram R, Coronnello C, Hashash JG, et al.
Cross-Talk Between Colon Cells and Macrophages Increases ST6GALNAC1
and MUCI1-sTn Expression in Ulcerative Colitis and Colitis-Associated
Colon Cancer. Cancer Immunol Res (2020) 8:167-78. doi: 10.1158/2326-
6066.CIR-19-0514

Iwaya T, Sawada G, Amano S, Kume K, Ito C, Endo F, et al. Downregulation
of ST6GalNAc1 Is Associated With Esophageal Squamous Cell Carcinoma
Development. Int ] Oncol (2017) 50:441-7. doi: 10.3892/1j0.2016.3817
Angata T, Tabuchi Y, Nakamura K, Nakamura M. Siglec-15: An Immune
System Siglec Conserved Throughout Vertebrate Evolution. Glycobiology
(2007) 17:838-46. doi: 10.1093/glycob/cwm049

Biill C, Nason R, Sun L, Van Coillie ], Serensen DM, Moons SJ, et al. Probing
the Binding Specificities of Human Siglecs by Cell-Based Glycan Arrays. Proc
Natl Acad Sci USA (2021) 118:1-12. doi: 10.1073/pnas.2026102118
Takamiya R, Ohtsubo K, Takamatsu S, Taniguchi N, Angata T. The
Interaction Between Siglec-15 and Tumor-Associated Sialyl-Tn Antigen
Enhances TGF-B Secretion From Monocytes/Macrophages Through the
DAP12-Syk Pathway. Glycobiology (2013) 23:178-87. doi: 10.1093/
GLYCOB/CWS139

Wang J, Sun J, Liu LN, Flies DB, Nie X, Toki M, et al. Siglec-15 as an Immune
Suppressor and Potential Target for Normalization Cancer Immunotherapy.
Nat Med (2019) 25:656. doi: 10.1038/S41591-019-0374-X

Schneider F, Kemmner W, Haensch W, Franke G, Gretschel S, Karsten U,
et al. Overexpression of Sialyltransferase CMP-Sialic Acid:
Galbetal,3GalNAc-R Alpha6-Sialyltransferase Is Related to Poor Patient
Survival in Human Colorectal Carcinomas. Cancer Res (2001) 61:4605-11.
Miao X, Zhao Y. ST6GalNAc II Mediates Tumor Invasion Through PI3K/
Akt/NFB Signaling Pathway in Follicular Thyroid Carcinoma. Oncol Rep
(2016) 35:2131-40. doi: 10.3892/0r.2016.4590

RenD, JiaL, LiY, Gong Y, Liu C, Zhang X, et al. ST6GalNAc II Mediates the
Invasive Properties of Breast Carcinoma Through PI3K/Akt/NF-xb
Signaling Pathway. IUBMB Life (2014) 66:300-8. doi: 10.1002/iub.1268
Murugaesu N, Iravani M, Van Weverwijk A, Ivetic A, Johnson DA,
Antonopoulos A, et al. An In Vivo Functional Screen Identifies
ST6GalNAc2 Sialyltransferase as a Breast Cancer Metastasis Suppressor.
Cancer Discovery (2014) 4:304-17. doi: 10.1158/2159-8290.CD-13-0287
Tsuchida A, Ogiso M, Nakamura Y, Kiso M, Furukawa KK, Furukawa KK.
Molecular Cloning and Expression of Human ST6GalNAc III: Restricted
Tissue Distribution and Substrate Specificity. ] Biochem (2005) 138:237-43.
doi: 10.1093/jb/mvil24

Haldrup C, Pedersen AL, @gaard N, Strand SH, Heyer S, Borre M, et al.
Biomarker Potential of ST6GalNAc3 and ZNF660 Promoter
Hypermethylation in Prostate Cancer Tissue and Liquid Biopsies. Mol
Oncol (2018) 12:545-60. doi: 10.1002/1878-0261.12183

Jung S-Y, Lee HK, Kim H, Kim S, Kim JS, Kang JG, et al. Depletion of
ST6GALNACIII Retards A549 Non-Small Cell Lung Cancer Cell
Proliferation by Downregulating Transferrin Receptor Protein 1
Expression. Biochem Biophys Res Commun (2021) 575:78-84. doi: 10.1016/
j.bbrc.2021.08.055

Hentze MW, Muckenthaler MU, Andrews NC. Balancing Acts: Molecular
Control of Mammalian Iron Metabolism. Cell (2004) 117:285-97.
doi: 10.1016/5S0092-8674(04)00343-5

Harduin-Lepers A, Stokes DC, Steelant WFA, Samyn-Petit B, Krzewinski-
Recchi MA, Vallejo-Ruiz V, et al. Cloning, Expression and Gene
Organization of a Human Neu5Aco2-3galBl-3galnac 02,6-

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 799861


https://doi.org/10.1074/jbc.m8000015200
https://doi.org/10.1046/j.1432-1033.2003.03458.x
https://doi.org/10.1074/jbc.M206808200
https://doi.org/10.2147/OTT.S230847
https://doi.org/10.1016/j.omto.2019.12.010
https://doi.org/10.1016/j.pharmthera.2017.12.011
https://doi.org/10.1016/j.pharmthera.2017.12.011
https://doi.org/10.1016/j.canlet.2018.01.062
https://doi.org/10.1016/j.canlet.2018.01.062
https://doi.org/10.1016/j.cell.2015.10.044
https://doi.org/10.1016/j.cell.2015.10.044
https://doi.org/10.1158/0008-5472.CAN-04-1921
https://doi.org/10.3390/ijms17030275
https://doi.org/10.1007/BF00203391
https://doi.org/10.18632/oncotarget.6024
https://doi.org/10.18632/oncotarget.6024
https://doi.org/10.1002/(SICI)1097-0215(19960126)65:3%3C295::AID-IJC3%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1097-0215(19960126)65:3%3C295::AID-IJC3%3E3.0.CO;2-V
https://doi.org/10.1159/000055337
https://doi.org/10.1159/000055337
https://doi.org/10.1371/journal.pone.0141253
https://doi.org/10.18632/oncotarget.22545
https://doi.org/10.1074/jbc.M511826200
https://doi.org/10.1074/jbc.M511826200
https://doi.org/10.1093/glycob/cwj033
https://doi.org/10.1186/s12935-019-0780-7
https://doi.org/10.1007/s10585-011-9445-1
https://doi.org/10.1016/j.canlet.2006.08.010
https://doi.org/10.1158/2326-6066.CIR-19-0514
https://doi.org/10.1158/2326-6066.CIR-19-0514
https://doi.org/10.3892/ijo.2016.3817
https://doi.org/10.1093/glycob/cwm049
https://doi.org/10.1073/pnas.2026102118
https://doi.org/10.1093/GLYCOB/CWS139
https://doi.org/10.1093/GLYCOB/CWS139
https://doi.org/10.1038/S41591-019-0374-X
https://doi.org/10.3892/or.2016.4590
https://doi.org/10.1002/iub.1268
https://doi.org/10.1158/2159-8290.CD-13-0287
https://doi.org/10.1093/jb/mvi124
https://doi.org/10.1002/1878-0261.12183
https://doi.org/10.1016/j.bbrc.2021.08.055
https://doi.org/10.1016/j.bbrc.2021.08.055
https://doi.org/10.1016/S0092-8674(04)00343-5
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hugonnet et al.

Sialyltransferases in Cancer

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Sialyltransferase: Hst6galnac IV. Biochem ] (2000) 352:37-48. doi: 10.1042/
0264-6021:3520037

Lee YC, Kaufmann M, Kitazume-Kawaguchi S, Kono M, Takashima S,
Kurosawa N, et al. Molecular Cloning and Functional Expression of Two
Members of Mouse Neuaco2,3galP1,3galnac Galnaco2,6-Sialyltransferase
Family, ST6GalNAc III and Iv. J Biol Chem (1999) 274:11958-67.
doi: 10.1074/jbc.274.17.11958

Reticker-Flynn NE, Bhatia SN. Aberrant Glycosylation Promotes Lung
Cancer Metastasis Through Adhesion to Galectins in the Metastatic Niche.
Cancer Discov (2015) 5:168-81. doi: 10.1158/2159-8290.CD-13-0760

Miao X, Jia L, Zhou H, Song X, Zhou M, Xu J, et al. MiR-4299 Mediates the
Invasive Properties and Tumorigenicity of Human Follicular Thyroid
Carcinoma by Targeting ST6GGALNAC4. IUBMB Life (2016) 68:136-44.
doi: 10.1002/iub.1467

Ikehara Y, Shimizu N, Kono M, Nishihara S, Nakanishi H, Kitamura T, et al.
A Novel Glycosyltransferase With a Polyglutamine Repeat; A New
Candidate for GDlow Synthase (ST6GalNAc V). FEBS Lett (1999) 463:92—
6. doi: 10.1016/S0014-5793(99)01605-1

Okajima T, Fukumoto S, Ito H, Kiso M, Hirabayashi Y, Urano T, et al.
Molecular Cloning of Brain-Specific GDlo. Synthase (ST6GalNAc V)
Containing CAG/glutamine Repeats. J Biol Chem (1999) 274:30557-62.
doi: 10.1074/jbc.274.43.30557

Vandermeersch S, Vanbeselaere J, Delannoy CP, Drolez A, Mysiorek C,
Guérardel Y, et al. Accumulation of GD1lo. Ganglioside in MDA-MB-231
Breast Cancer Cells Expressing ST6GalNAc V. Molecules (2015) 20:6913-24.
doi: 10.3390/molecules20046913

Stremitzer S, Berghoft AS, Volz NB, Zhang W, Yang D, Stintzing S, et al.
Genetic Variants Associated With Colorectal Brain Metastases Susceptibility
and Survival. Pharmacogenomics ] (2017) 17:29-35. doi: 10.1038/tpj.2015.86
Bos PD, Zhang XHF, Nadal C, Shu W, Gomis RR, Nguyen DX, et al. Genes
That Mediate Breast Cancer Metastasis to the Brain. Nature (2009)
459:1005-9. doi: 10.1038/nature08021

Drolez A, Vandenhaute E, Delannoy CP, Dewald JH, Gosselet F, Cecchelli R,
et al. ST6GalNAc5 Expression Decreases the Interactions Between Breast
Cancer Cells and the Human Blood-Brain Barrier. Int ] Mol Sci (2016)
17:1309. doi: 10.3390/ijms17081309

Okajima T, Chen HH, Ito H, Kiso M, Tai T, Furukawa K, et al. Molecular
Cloning and Expression of Mouse GD1lo/Gtiact/Gqlbo. Synthase
(ST6GalNAc VI) Gene. ] Biol Chem (2000) 275:6717-23. doi: 10.1074/
jbc.275.10.6717

Kawasaki Y, Ito A, Kakoi N, Shimada S, Itoh J, Mitsuzuka K, et al.
Ganglioside, Disialosyl Globopentaosylceramide (DSGB5), Enhances the
Migration of Renal Cell Carcinoma Cells. Tohoku ] Exp Med (2015)
236:1-7. doi: 10.1620/tjem.236.1

Senda M, Ito A, Tsuchida A, Hagiwara T, Kaneda T, Nakamura Y, et al.
Identification and Expression of a Sialyltransferase Responsible for the
Synthesis of Disialylgalactosylgloboside in Normal and Malignant Kidney
Cells: Downregulation of ST6GalNAc VI in Renal Cancers. Biochem J (2007)
402:459-70. doi: 10.1042/BJ20061118

Tsuchida A, Okajima T, Furukawa K, Ando T, Ishida H, Yoshida A, et al.
Synthesis of Disialyl Lewis a (Lea) Structure in Colon Cancer Cell Lines by a
Sialyltransferase, ST6GalNAc VI, Responsible for the Synthesis of o.-Series
Gangliosides. ] Biol Chem (2003) 278:22787-94. doi: 10.1074/
jbe.M211034200

Miyazaki K, Ohmori K, Izawa M, Koike T, Kumamoto K, Furukawa K, et al.
Loss of Disialyl Lewisa, the Ligand for Lymphocyte Inhibitory Receptor Sialic
Acid-Binding Immunoglobulin-Like Lectin-7 (Siglec-7) Associated With
Increased Sialyl Lewisa Expression on Human Colon Cancers. Cancer Res
(2004) 64:4498-505. doi: 10.1158/0008-5472.CAN-03-3614

Huang HC, Chao CC, Wu PH, Chung HY, Lee HY, Suen CS, et al. Epigenetic
Silencing of the Synthesis of Immunosuppressive Siglec Ligand Glycans by
NEF-xb/EZH2/YY1 Axis in Early-Stage Colon Cancers. Biochim Biophys Acta
- Gene Regul Mech (2019) 1862:173-83. doi: 10.1016/j.bbagrm.2019.01.002
Kawasaki Y, Ito A, Withers DA, Taima T, Kakoi N, Saito S, et al. Ganglioside
DSGbS5, Preferred Ligand for Siglec-7, Inhibits NK Cell Cytotoxicity Against
Renal Cell Carcinoma Cells. Glycobiology (2010) 20:1373-9. doi: 10.1093/
glycob/cwqll6

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

215.

Sato C, Kitajima K. Polysialylation and Disease. Mol Aspects Med (2021)
79:100892. doi: 10.1016/].MAM.2020.100892

Angata K, Suzuki M, McAuliffe J, Ding Y, Hindsgaul O, Fukuda M.
Differential Biosynthesis of Polysialic Acid on Neural Cell Adhesion
Molecule (NCAM) and Oligosaccharide Acceptors by Three Distinct 0.2,8-
Sialyltransferases, ST8Sia IV (PST), ST8Sia II (STX), and ST8Sia IIL. J Biol
Chem (2000) 275:18594-601. doi: 10.1074/jbc.M910204199

Yeh SC, Wang PY, Lou YW, Khoo KH, Hsiao M, Hsu TL, et al. Glycolipid
GD3 and GD3 Synthase Are Key Drivers for Glioblastoma Stem Cells and
Tumorigenicity. Proc Natl Acad Sci USA (2016) 113:5592-7. doi: 10.1073/
pnas.1604721113

Ramos RI, Bustos MA, Wu ], Jones P, Chang SC, Kiyohara E, et al
Upregulation of Cell Surface GD3 Ganglioside Phenotype Is Associated
With Human Melanoma Brain Metastasis. Mol Oncol (2020) 14:1760-78.
doi: 10.1002/1878-0261.12702

Kan JY, Moi SH, Hung WC, Hou MF, Chen FM, Shih SL, et al.
Comprehensive Transcriptomic Analysis Identifies ST8Sial as a Survival-
Related Sialyltransferase Gene in Breast Cancer. Genes (Basel) (2020) 11:1-
15. doi: 10.3390/genes11121436

Sarkar TR, Battula VL, Werden §J, Vijay GV, Ramirez-Pena EQ, Taube JH,
et al. GD3 Synthase Regulates Epithelial-Mesenchymal Transition and
Metastasis in Breast Cancer. Oncogene (2015) 34:2958-67. doi: 10.1038/
onc.2014.245

Li W, Zheng X, Ren L, Fu W, Liu J, Xv J, et al. Epigenetic Hypomethylation
and Upregulation of GD3s in Triple Negative Breast Cancer. Ann Transl
Med (2019) 7:723-3. doi: 10.21037/atm.2019.12.23

Ruckhiberle E, Karn T, Rody A, Hanker L, Gitje R, Metzler D, et al. Gene
Expression of Ceramide Kinase, Galactosyl Ceramide Synthase and
Ganglioside GD3 Synthase is Associated With Prognosis in Breast Cancer.
J Cancer Res Clin Oncol (2009) 135:1005-13. doi: 10.1007/s00432-008-
0536-6

Ohkawa Y, Zhang P, Momota H, Kato A, Hashimoto N, Ohmi Y, et al. .
doi: 10.1111/CAS.15032

Battula VL, Shi Y, Evans KW, Wang RY, Spaeth EL, Jacamo RO, et al.
Ganglioside GD2 Identifies Breast Cancer Stem Cells and Promotes
Tumorigenesis. J Clin Invest (2012) 122:2066-78. doi: 10.1172/JCI59735
Iwasawa T, Zhang P, Ohkawa Y, Momota H, Wakabayashi T, Ohmi Y, et al.
Enhancement of Malignant Properties of Human Glioma Cells by
Ganglioside GD3/GD2. Int ] Oncol (2018) 52:1255-66. doi: 10.3892/
ij0.2018.4266

Cazet A, Groux-Degroote S, Teylaert B, Kwon KM, Lehoux S, Slomianny C,
et al. GD3 Synthase Overexpression Enhances Proliferation and Migration of
MDA-MB-231 Breast Cancer Cells. Biol Chem (2009) 390:601-9.
doi: 10.1515/BC.2009.054

Wan H, Li Z, Wang H, Cai F, Wang L. ST8SIA1 Inhibition Sensitizes Triple
Negative Breast Cancer to Chemotherapy via Suppressing Wnt/B-Catenin
and FAK/Akt/mTOR. Clin Transl Oncol (2021) 23:902-10. doi: 10.1007/
512094-020-02484-7

. Nicoll G, Avril T, Lock K, Furukawa K, Bovin N, Crocker PR. Ganglioside

GD3 Expression on Target Cells Can Modulate NK Cell Cytotoxicity via
Siglec-7-Dependent and -Independent Mechanisms. Eur ] Immunol (2003)
33:1642-8. doi: 10.1002/€ji.200323693

Scheidegger EP, Sternberg LR, Roth ], Lowe JB. A Human STX cDNA
Confers Polysialic Acid Expression in Mammalian Cells. ] Biol Chem (1995)
270:22685-8. doi: 10.1074/jbc.270.39.22685

Tanaka F, Otake Y, Nakagawa T, Kawano Y, Miyahara R, Li M, et al.
Expression of Polysialic Acid and STX, a Human Polysialyltransferase, Is
Correlated With Tumor Progression in Non-Small Cell Lung Cancer. Cancer
Res (2000) 60:3072-80.

Cheung IY, Vickers A, Cheung N-KV. Sialyltransferase STX (ST8Siall): A
Novel Molecular Marker of Metastatic Neuroblastoma. Int | Cancer (2006)
119:152-6. doi: 10.1002/1JC.21789

Hao J, Zeltz C, Pintilie M, Li Q, Sakashita S, Wang T, et al. Characterization
of Distinct Populations of Carcinoma-Associated Fibroblasts From Non-
Small Cell Lung Carcinoma Reveals a Role for ST8SIA2 in Cancer Cell
Invasion. Neoplasia (United States) (2019) 21:482-93. doi: 10.1016/
jneo.2019.03.009

Frontiers in Immunology | www.frontiersin.org

84

December 2021 | Volume 12 | Article 799861


https://doi.org/10.1042/0264-6021:3520037
https://doi.org/10.1042/0264-6021:3520037
https://doi.org/10.1074/jbc.274.17.11958
https://doi.org/10.1158/2159-8290.CD-13-0760
https://doi.org/10.1002/iub.1467
https://doi.org/10.1016/S0014-5793(99)01605-1
https://doi.org/10.1074/jbc.274.43.30557
https://doi.org/10.3390/molecules20046913
https://doi.org/10.1038/tpj.2015.86
https://doi.org/10.1038/nature08021
https://doi.org/10.3390/ijms17081309
https://doi.org/10.1074/jbc.275.10.6717
https://doi.org/10.1074/jbc.275.10.6717
https://doi.org/10.1620/tjem.236.1
https://doi.org/10.1042/BJ20061118
https://doi.org/10.1074/jbc.M211034200
https://doi.org/10.1074/jbc.M211034200
https://doi.org/10.1158/0008-5472.CAN-03-3614
https://doi.org/10.1016/j.bbagrm.2019.01.002
https://doi.org/10.1093/glycob/cwq116
https://doi.org/10.1093/glycob/cwq116
https://doi.org/10.1016/J.MAM.2020.100892
https://doi.org/10.1074/jbc.M910204199
https://doi.org/10.1073/pnas.1604721113
https://doi.org/10.1073/pnas.1604721113
https://doi.org/10.1002/1878-0261.12702
https://doi.org/10.3390/genes11121436
https://doi.org/10.1038/onc.2014.245
https://doi.org/10.1038/onc.2014.245
https://doi.org/10.21037/atm.2019.12.23
https://doi.org/10.1007/s00432-008-0536-6
https://doi.org/10.1007/s00432-008-0536-6
https://doi.org/10.1111/CAS.15032
https://doi.org/10.1172/JCI59735
https://doi.org/10.3892/ijo.2018.4266
https://doi.org/10.3892/ijo.2018.4266
https://doi.org/10.1515/BC.2009.054
https://doi.org/10.1007/s12094-020-02484-7
https://doi.org/10.1007/s12094-020-02484-7
https://doi.org/10.1002/eji.200323693
https://doi.org/10.1074/jbc.270.39.22685
https://doi.org/10.1002/IJC.21789
https://doi.org/10.1016/j.neo.2019.03.009
https://doi.org/10.1016/j.neo.2019.03.009
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hugonnet et al.

Sialyltransferases in Cancer

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

231.

232.

233.

234.

Suzuki MM, Suzuki MM, Nakayama J, Suzuki A, Angata K, Chen S, et al.
Polysialic Acid Facilitates Tumor Invasion by Glioma Cells. Glycobiology
(2005) 15:887-94. doi: 10.1093/glycob/cwi071

Gong L, Zhou X, Yang J, Jiang Y, Yang H. Effects of the Regulation of
Polysialyltransferase ST8Siall on the Invasiveness and Metastasis of Small
Cell Lung Cancer Cells. Oncol Rep (2017) 37:131-8. doi: 10.3892/
0r.2016.5279

Al-Saraireh YM]J, Sutherland M, Springett BR, Freiberger F, Ribeiro Morais
G, Loadman PM, et al. Pharmacological Inhibition of Polysialyltransferase
ST8Siall Modulates Tumour Cell Migration. PLoS One (2013) 8:73366.
doi: 10.1371/journal.pone.0073366

Yoshida Y, Kojima N, Kurosawa N, Hamamoto T, Tsuji S. Molecular
Cloning of Sia0i2,3galB1,4glcnac 02, 8-Sialyltransferase From Mouse Brain.
] Biol Chem (1995) 270:14628-33. doi: 10.1074/jbc.270.24.14628

Lin CY, Lai HL, Chen HM, Siew JJ, Hsiao CT, Chang HC, et al. Functional
Roles of ST8SIA3-Mediated Sialylation of Striatal Dopamine D2 and
Adenosine A2A Receptors. Transl Psychiatry (2019) 9:209. doi: 10.1038/
$41398-019-0529-z

Baeza-Kallee N, Berges R, Soubéran A, Colin C, Denicolai E, Appay R, et al.
Glycolipids Recognized by A2B5 Antibody Promote Proliferation,
Migration, and Clonogenicity in Glioblastoma Cells. Cancers (Basel)
(2019) 11(9):1267. doi: 10.3390/cancers11091267

Mori A, Hane M, Niimi Y, Kitajima K, Sato C. Different Properties of
Polysialic Acids Synthesized by the Polysialyltransferases ST8Sia2 and
ST8Sia4. Glycobiology (2017) 27:834-46. doi: 10.1093/glycob/cwx057

Foley DA, Swartzentruber KG, Colley KJ. Identification of Sequences
in the Polysialyltransferases ST8Sia II and ST8Sia IV That Are
Required for the Protein-Specificpolysialylation of the Neural Cell
Adhesion Molecule, NCAM. ] Biol Chem (2009) 284:15505-16.
doi: 10.1074/jbc.M809696200

Ma X, Dong W, Su Z, Zhao L, Miao Y, Li N, et al. Functional Roles of
Sialylation in Breast Cancer Progression Through miR-26a/26b Targeting
ST8SIA4. Cell Death Dis (2016) 7:¢2561-1. doi: 10.1038/cddis.2016.427
Pan Y, Wu Y, Hu J, Shan Y, Ma ], Ma H, et al. Long Noncoding RNA
HOTAIR Promotes Renal Cell Carcinoma Malignancy Through Alpha-2, 8-
Sialyltransferase 4 by Sponging microRNA-124. Cell Prolif (2018) 51:€12507.
doi: 10.1111/cpr.12507

Zhang X, Dong W, Zhou H, Li H, Wang N, Miao X, et al. o-2,8-
Sialyltransferase Is Involved in the Development of Multidrug Resistance
via PI3K/Akt Pathway in Human Chronic Myeloid Leukemia. IUBMB Life
(2015) 67:77-87. doi: 10.1002/iub.1351

Ma H, Zhou H, Song X, Shi S, Zhang J, Jia L. Modification of Sialylation Is
Associated With Multidrug Resistance in Human Acute Myeloid Leukemia.
Oncogene (2015) 34:726-40. doi: 10.1038/0nc.2014.7

Zhang Z, Zhao Y, Jiang L, Miao X, Zhou H, Jia L. Glycomic Alterations are
Associated With Multidrug Resistance in Human Leukemia. Int ] Biochem
Cell Biol (2012) 44:1244-53. doi: 10.1016/j.biocel.2012.04.026

Ma W, Zhao X, Liang L, Wang G, Li Y, Miao X, et al. miR-146a and miR-
146b Promote Proliferation, Migration and Invasion of Follicular Thyroid
Carcinoma via Inhibition of ST8SIA4. Oncotarget (2017) 8:28028-41.
doi: 10.18632/oncotarget.15885

. Wang F, Ye LJ, Wang FJ, Liu HF, Wang XL. miR-146a Promotes

Proliferation, Invasion, and Epithelial-to-Mesenchymal Transition in Oral
Squamous Carcinoma Cells. Environ Toxicol (2020) 35:1050-7. doi: 10.1002/
tox.22941

Kim Y], Kim KS, II D, CH K, SK K, Lee YC. Molecular Cloning and
Expression of Human 02,8-Sialyltransferase (Hst8sia V). Biochem Biophys
Res Commun (1997) 235:327-30. doi: 10.1006/bbrc.1997.6725

Kono M, Yoshida Y, Kojima N, Tsuji S. Molecular Cloning and Expression of
a Fifth Type of 02,8- Sialyltransferase (ST8Sia V): Its Substrate Specificity is
Similar to That of SAT-V/III, Which Synthesize G(D1c), G(T1a), G(Q1b)
and G(T3). ] Biol Chem (1996) 271:29366-71. doi: 10.1074/jbc.271.46.29366
Penrose HM, Cable C, Heller S, Ungerleider N, Nakhoul H, Baddoo M, et al.
Loss of Forkhead Box O3 Facilitates Inflammatory Colon Cancer:
Transcriptome Profiling of the Immune Landscape and Novel Targets.
Cmgh (2019) 7:391-408. doi: 10.1016/j.jcmgh.2018.10.003

Takashima S, Ishida HK, Inazu T, Ando T, Ishida HK, Kiso M, et al.
Molecular Cloning and Expression of a Sixth Type of 0.2, 8-Sialyltransferase

235.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

(ST8Sia VI) That Sialylates O-Glycans. ] Biol Chem (2002) 277:24030-8.
doi: 10.1074/jbc.M112367200

Luo ML, Li J, Shen L, Chu J, Guo Q, Liang G, et al. The Role of APAL/
ST8SIA6-AS1 IncRNA in PLK1 Activation and Mitotic Catastrophe of
Tumor Cells. ] Natl Cancer Inst (2020) 112:356-68. doi: 10.1093/jnci/djz134

. Zhang B, Liu Z, Liu ], Cao K, Shan W, Wen Q, et al. Long Non—Coding RNA

ST8SIA6-AS1 Promotes the Migration and Invasion of Hypoxia—Treated
Hepatocellular Carcinoma Cells Through the Mir-338/MEPCE Axis. Oncol
Rep (2020) 45:73-82. doi: 10.3892/0r.2020.7864

Zhang X, Xu S, Hu C, Fang K, Zhou ], Guo Z, et al. LncRNA ST8SIA6-AS1
Promotes Hepatocellular Carcinoma Progression by Regulating MAGEA3
and DCAF4L2 Expression. Biochem Biophys Res Commun (2020) 533:1039-
47. doi: 10.1016/j.bbrc.2020.09.115

Cao Q, Yang W, Ji X, Wang W. Long non-Coding RNA ST8SIA6-AS1
Promotes Lung Adenocarcinoma Progression Through Sponging miR-125a-
3p. Front Genet (2020) 11:597795. doi: 10.3389/fgene.2020.597795

Huang CM, Cao GY, Yang CX, Chen Y, Liu GD, Xu BW, et al. LncRNA
ST8SIA6-AS1 Promotes Colorectal Cancer Cell Proliferation, Migration and
Invasion by Regulating the miR-5195/PCBP2 Axis. Eur Rev Med Pharmacol
Sci (2020) 24:4203-11. doi: 10.26355/eurrev_202004_21000

Fang K, Hu C, Zhang X, Hou Y, Gao D, Guo Z, et al. LncRNA ST8Sia6-AS1
Promotes Proliferation, Migration and Invasion in Breast Cancer Through
the P38 MAPK Signalling Pathway. Carcinogenesis (2020) 41:1273-81.
doi: 10.1093/carcin/bgz197

Friedman DJ, Crotts SB, Shapiro MJ, Rajcula M, McCue S, Liu X, et al
ST8Sia6 Promotes Tumor Growth in Mice by Inhibiting Immune Responses.
Cancer Immunol Res (2021) 9:952-66. doi: 10.1158/2326-6066.CIR-20-0834
Belmonte PJ, Shapiro MJ, Rajcula MJ, McCue SA, Shapiro VS. ST8Sia6
Generated Alpha-2, 8-Disialic Acids Mitigate Hyperglycemia in Multiple
Low Dose Streptozotocin-Induced Diabetes. | Immunol (2020) 204:3071.
doi: 10.4049/JIMMUNOL.2000023

Von Gunten S, Bochner BS. Basic and Clinical Immunology of Siglecs. Ann
N Y Acad Sci (2008) 1143:61-82. doi: 10.1196/annals.1443.011

Angata T, Margulies EH, Green ED, Varki A. Large-Scale Sequencing of the
CD33-Related Siglec Gene Cluster in Five Mammalian Species Reveals Rapid
Evolution by Multiple Mechanisms. Proc Natl Acad Sci USA (2004)
101:13251-6. doi: 10.1073/pnas.0404833101

Crocker PR, Paulson JC, Varki A. Siglecs and Their Roles in the Immune
System. Nat Rev Immunol (2007) 7:255-66. doi: 10.1038/nri2056
Gonzalez-Gil A, Schnaar RL. Siglec Ligands. Cells (2021) 10(5):1260.
doi: 10.3390/cells10051260

Jandus C, Simon HU, Von Gunten S. Targeting Siglecs-A Novel
Pharmacological Strategy for Immuno- and Glycotherapy. Biochem
Pharmacol (2011) 82:323-32. doi: 10.1016/j.bcp.2011.05.018

Varki A. Letter to the Glyco-Forum: Since There are PAMPs and DAMPs,
There Must be SAMPs? Glycan “Self-Associated Molecular Patterns”
Dampen Innate Immunity, But Pathogens Can Mimic Them. Glycobiology
(2011) 21:1121-4. doi: 10.1093/glycob/cwr087

Hudak JE, Canham SM, Bertozzi CR. Glycocalyx Engineering Reveals a
Siglec-Based Mechanism for NK Cell Immunoevasion. Nat Chem Biol (2014)
10:69-75. doi: 10.1038/nchembio.1388

Stanczak MA, Siddiqui SS, Trefny MP, Thommen DS, Boligan KF, Von
Gunten S, et al. Self-Associated Molecular Patterns Mediate Cancer Immune
Evasion by Engaging Siglecs on T Cells. J Clin Invest (2018) 128:4912-23.
doi: 10.1172/JCI120612

Murugesan G, Weigle B, Crocker PR. Siglec and Anti-Siglec Therapies. Curr
Opin Chem Biol (2021) 62:34-42. doi: 10.1016/j.cbpa.2021.01.001
Wisnovsky S, Mockl L, Malaker SA, Pedram K, Hess GT, Riley NM, et al.
Genome-Wide CRISPR Screens Reveal a Specific Ligand for the Glycan-
Binding Immune Checkpoint Receptor Siglec-7. Proc Natl Acad Sci USA
(2021) 118(5):€2015024118. doi: 10.1073/pnas.2015024118

Yoshimura A, Asahina Y, Chang LY, Angata T, Tanaka H, Kitajima K, et al.
Identification and Functional Characterization of a Siglec-7 Counter-
Receptor on K562 Cells. J Biol Chem (2021) 296. doi: 10.1016/
j.jbc.2021.100477

Cummings RD, McEver RP. “C-Type Lectins”. In: A Varki, CRD
Cummings, JD Esko, GW Hart, M Aebi, AGD Darvill, T Kinoshita, NH
Packer and JH Prestegard et al. editors. Essentials of Glycobiology, 3rd

Frontiers in Immunology | www.frontiersin.org

December 2021 | Volume 12 | Article 799861


https://doi.org/10.1093/glycob/cwi071
https://doi.org/10.3892/or.2016.5279
https://doi.org/10.3892/or.2016.5279
https://doi.org/10.1371/journal.pone.0073366
https://doi.org/10.1074/jbc.270.24.14628
https://doi.org/10.1038/s41398-019-0529-z
https://doi.org/10.1038/s41398-019-0529-z
https://doi.org/10.3390/cancers11091267
https://doi.org/10.1093/glycob/cwx057
https://doi.org/10.1074/jbc.M809696200
https://doi.org/10.1038/cddis.2016.427
https://doi.org/10.1111/cpr.12507
https://doi.org/10.1002/iub.1351
https://doi.org/10.1038/onc.2014.7
https://doi.org/10.1016/j.biocel.2012.04.026
https://doi.org/10.18632/oncotarget.15885
https://doi.org/10.1002/tox.22941
https://doi.org/10.1002/tox.22941
https://doi.org/10.1006/bbrc.1997.6725
https://doi.org/10.1074/jbc.271.46.29366
https://doi.org/10.1016/j.jcmgh.2018.10.003
https://doi.org/10.1074/jbc.M112367200
https://doi.org/10.1093/jnci/djz134
https://doi.org/10.3892/or.2020.7864
https://doi.org/10.1016/j.bbrc.2020.09.115
https://doi.org/10.3389/fgene.2020.597795
https://doi.org/10.26355/eurrev_202004_21000
https://doi.org/10.1093/carcin/bgz197
https://doi.org/10.1158/2326-6066.CIR-20-0834
https://doi.org/10.4049/JIMMUNOL.2000023
https://doi.org/10.1196/annals.1443.011
https://doi.org/10.1073/pnas.0404833101
https://doi.org/10.1038/nri2056
https://doi.org/10.3390/cells10051260
https://doi.org/10.1016/j.bcp.2011.05.018
https://doi.org/10.1093/glycob/cwr087
https://doi.org/10.1038/nchembio.1388
https://doi.org/10.1172/JCI120612
https://doi.org/10.1016/j.cbpa.2021.01.001
https://doi.org/10.1073/pnas.2015024118
https://doi.org/10.1016/j.jbc.2021.100477
https://doi.org/10.1016/j.jbc.2021.100477
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Hugonnet et al.

Sialyltransferases in Cancer

255.

256.

258.

259.

260.

Edition, vol. chapter 34. Cold Spring Harbor New York: Cold Spring
Harbor Laboratory Press (2017). p. 675-83. doi: 10.1007/978-4-431-
54841-6_138

Borsig L. Selectins in Cancer Immunity. Glycobiology (2018) 28:648-55.
doi: 10.1093/glycob/cwx105

Hauselmann I, Borsig L. Altered Tumor-Cell Glycosylation Promotes
Metastasis. Front Oncol (2014) 4:28. doi: 10.3389/fonc.2014.00028

. Szabo R, Skropeta D. Advancement of Sialyltransferase Inhibitors:

Therapeutic Challenges and Opportunities. Med Res Rev (2017) 37:219-
70. doi: 10.1002/med.21407

Bowles WHD, Gloster TM. Sialidase and Sialyltransferase Inhibitors:
Targeting Pathogenicity and Disease. Front Mol Biosci (2021) 0:705133.
doi: 10.3389/FMOLB.2021.705133

Perez SJLP, Fu CW, Li WS. Sialyltransferase Inhibitors for the Treatment of
Cancer Metastasis: Current Challenges and Future Perspectives. Molecules
(2021) 26:18. doi: 10.3390/molecules26185673

Sanmamed MF, Chen L. A Paradigm Shift in Cancer Immunotherapy: From
Enhancement to Normalization. Cell (2018) 175:313-26. doi: 10.1016/
j.cell.2018.09.035

Conflict of Interest: SVG received remuneration for serving on the scientific
advisory board of Palleon Pharmaceuticals.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Hugonnet, Singh, Haas and von Gunten. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

86

December 2021 | Volume 12 | Article 799861


https://doi.org/10.1007/978-4-431-54841-6_138
https://doi.org/10.1007/978-4-431-54841-6_138
https://doi.org/10.1093/glycob/cwx105
https://doi.org/10.3389/fonc.2014.00028
https://doi.org/10.1002/med.21407
https://doi.org/10.3389/FMOLB.2021.705133
https://doi.org/10.3390/molecules26185673
https://doi.org/10.1016/j.cell.2018.09.035
https://doi.org/10.1016/j.cell.2018.09.035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

:\' frontiers

In Immunology

ORIGINAL RESEARCH
published: 10 February 2022
doi: 10.3389/fimmu.2022.797759

OPEN ACCESS

Edited by:

Richard Beatson,
University College London,
United Kingdom

Reviewed by:

Raymond B. Birge,

Rutgers, The State University of New
Jersey, United States

Joy Burchell,

King’s College London,

United Kingdom

*Correspondence:
Thierry Hennet
thierry.hennet@uzh.ch

Specialty section:

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

Received: 19 October 2021
Accepted: 24 January 2022
Published: 10 February 2022

Citation:

Parshenkov A and Hennet T (2022)
Glycosylation-Dependent Induction of
Programmed Cell Death in Murine
Adenocarcinoma Cells.

Front. Immunol. 13:797759.

doi: 10.3389/fimmu.2022.797759

Check for
updates

Glycosylation-Dependent Induction
of Programmed Cell Death in
Murine Adenocarcinoma Cells
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Altered surface glycosylation is a major hallmark of tumor cells associated with aggressive
phenotype and poor prognosis. By recognizing specific carbohydrate moatifs, lectins can
be applied to distinguish tumor from healthy cells based on the expression of
glycosylation-dependent markers. Through their ability to bind to specific
carbohydrates, lectins induce cell agglutination and cross-link surface glycoproteins,
thereby mediating mitogenic and death-inducing effects in various cell types. The
carbohydrate-selective cytotoxic effect of lectins also enables their possible application
in therapies targeting cancer cells. To clarify the intracellular pathways mediating cell death
induced by a group of plant and fungal lectins, we investigated mouse adenocarcinoma
MC-38 cells harboring inactive genes involved in apoptosis, necroptosis and pyroptosis.
Treatment of MC-38 cells with wheat germ agglutinin, Maackia amurensis lectin |, and
Aleuria aurantia lectin induced multiple cell death pathways through reactions that relied
on the autophagy machinery without depending on caspase activation. Furthermore,
inhibition of de novo protein synthesis by cycloheximide strongly decreased the cytotoxic
response, indicating that the lectins investigated induced cell death via effector molecules
that are not expressed under normal circumstances and supporting the non-apoptotic
nature of cell death. The broad cytotoxic response to lectins can be beneficial for the
development of combination therapies targeting tumor cells. Given that tumors acquire
resistance to various cytotoxic treatments because of mutations in cell death pathways,
compounds inducing broad cytotoxic responses, such as lectins, represent potent
sensitizers to promote tumor cell killing.

Keywords: lectin, knockout, apoptosis, necroptosis, pyroptosis, autophagy

INTRODUCTION

Glycosylation is a complex post-translational modification involved in the regulation of multiple
cellular reactions, such as proliferation, adhesion, and trafficking among others. Evidence shows that
glycosylation also plays a role in regulating cell death through multiple pathways, including but not
limited to prevention of death receptor internalization as in the case of the Fas and TNFRI
receptors, or enhancement of death receptor sensitivity to cognate ligands followed by activation of
cell death programs (1-6). Altered glycosylation, such as characterized by increased fucosylation
and sialylation of surface glycoproteins, is a hallmark of cancer and is considered as a target for
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Induction of Cell Death by Lectins

development of diagnostic and therapeutic tools (7-9). The vast
structural diversity of glycosylation is paralleled by a similarly
diverse group of carbohydrate-binding proteins, referred to as
lectins, which occur in all types of organisms, from bacteria and
fungi up to plants and animals. The recognition of specific
carbohydrate motifs by lectins enabled their application to
distinguish tumor from healthy cells based on the expression
of glycosylation-dependent tumor markers (10-14). Several
plant and fungal lectins represent promising molecules to
target and eliminate various tumors (10, 12, 13, 15).

In addition to their applications as cell markers, lectins exert
mitogenic and death-inducing effects on various cell types. For
example, concanavalin A and phytohemagglutinin activate T-
lymphocytes by crosslinking glycosylated signaling receptors
(16). The same concanavalin A induce apoptosis in cancer cells
through selective crosslinking and inhibition of receptor tyrosine
kinases (17, 18). Because of differences in surface glycosylation
between tumor and normal cells, lectins can be applied alone or
in a combination with other therapeutic agents to induce cell
death selectively in cancer cells while keeping healthy cells intact
(12, 19-21). Cell death induced by lectins follow different
pathways, such as apoptosis, paraptosis-like death, autophagy
and programmed necrosis (10, 19, 20, 22, 23). Specific lectins
induce distinct modes of cell death in different type of tumor
cells. Wheat germ agglutinin, for example, induces apoptosis in
melanoma and leukemic cell (20, 21), whereas it kills cervical
carcinoma cells through paraptosis-like cell death (19).

While targeting surface glycans is a promising approach for
cancer therapies, lectin-based approaches are still at an early
stage of development, as shown in clinical trials with mistletoe
lectin (10, 24). The development of efficient therapies based on
glycan targeting requires a deep understanding of the
mechanisms of cell death induced by lectins on target tumor
cells. Using a murine adenocarcinoma cell model, the present
study addresses the multiple cell death pathways activated in
response to treatment of cells with lectins targeting different
glycan structures. Despite targeting different glycan motifs, the
lectins tested induced similar pathways of cell death, which were
caspase-independent and relied on de novo protein synthesis.

MATERIALS AND METHODS
Cell Culture

Mouse colon adenocarcinoma MC-38 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 0.1 mM non-essential amino acids and 10% FBS. Human
embryonic kidney HEK293T cells were cultured in DMEM
supplemented with 10% FBS. Young adult mouse colon
(YAMC) cells were cultured in DMEM supplemented with 2%
FBS, 0.2 UM progesterone, 0.224 UM sodium selenite, 10 pg/ml
insulin, 100 pg/ml transferrin, 0.49 UM triiodothyronine, 0.45 UM
L-thyroxine, and 5 units/ml mouse interferon-gamma, and
incubated at the proliferation permissive temperature of 33°C (25).

CRISPR/Cas9-Mediated Gene Knockout in
MC-38 Cells

Single-guide RNAs (sgRNAs) targeting genes of interest in MC-
38 cell line were designed using CRISPOR online tool (26).
sgRNAs were cloned into either lentiCRISPRv2-puro (Addgene
plasmid #52961) or lentiCRISPRv2-neo (Addgene plasmid
#98292) (27, 28), lentivirus was produced in HEK293T cells
using polyethylenimine “MAX” transfection reagent
(Polysciences) followed by transduction of MC-38 cells with
lentiviral vectors according to protocols from the Zhang
laboratory (27, 29). LentiCRISPRv2-puro transduced MC-38
cells were selected using 10 pg/ml puromycin in DMEM,
lentiCRISPRv2-neo transduced cells were selected with 1.25
mg/ml G-418 (Thermo Fischer Scientific) for a time when
non-transduced control contained no viable cells. Single clones
of transduced cells were obtained by limiting dilutions.
Knockouts were validated at the genomic level by PCR and at
the protein level by Western blotting (Supplementary Figure 1).
GNE knockout was validated by genomic PCR followed by
Sanger sequencing and by staining with mannose-binding
Concanavalin A (ConA) as a control of glycosylation
unaffected by GNE knockout, MAL II, and ECL followed by
flow cytometry analysis (Supplementary Figure 2). The
sequences of sgRNAs and corresponding primers for validation
of knockouts by PCR are listed in Table 1. To avoid

TABLE 1 | sgRNA sequences for targeted gene inactivation in MC-38 using CRISPR/Cas9 system and corresponding primers for knockout verification by PCR.

Gene Exon sgRNA sequence
BAX 3 AGCGAGTGTCTCCGGCGAAT
BAK1 3 GGGGCAAGTTGTCCATCTCG
4 GGAACTCTGTGTCGTAGCGC
TRADD 2 AGCCGGTCAGAATGGCCACG
3 CCTCCAAGCCTACCGCGAGG
FADD 1 TAGATCGTGTCGGCGCAGCG
2 CCGGACTGGTTAAGGCGCTG
CASP8 3 CTTCCTAGACTGCAACCGAG
RIPK3 3 GTGGGACTTCGTGTCCGGGC
MLKL 2 GCACACGGTTTCCTAGACGC
2 GACTTCATCAAAACGGCCCA
CASP1 5 GAGGGCAAGACGTGTACGAG
GSDMD 4 GCAACAGCTTCGGAGTCGTG
GNE 5 AGGAGATGGTTCGAGTGATG
9 GATCCAGGAATGGAACTCCG

Forward primer

CTTGGTTCTCAACATTCTGCTCCT
TCATGTGCCAGGACTAACTCTCA
GAGCCCTATCAGACCTTCAGACA
ACTTTTTGTTAAAGGCAATGGAGGG
GACTATGGGCTTAGCTTTCTCCTC
CGATCTGATGGAGCTCAAGTTCT
GGCATTTGACATTGTGTGTGACAA
TTTATGCTATTGCTGAAGAACTGGG
CTTCCAGAGCGCAATCCAATTTT
GATACACAGGGGATTGTGGTATTTC
GATACACAGGGGATTGTGGTATTTC
AACAAGGTTGGTTTCTTGAAAGGAC
ACTTCTCCGTGTTTGAACTTGTCAT
TATCAGCTCTTGGATGAGATGCAG
TTCACTCAGAACTGTCTGATTCCTT

Reverse primer

GGATTCTATCTGAGTTGAGTGGAGG
GTAGGGATGAGCATCAGTCAGAGA
GAAGTTGGTATGTTCACCCTGACAC
CACAAAGTCCCAGAGTCACTACAC
ATGTAATTCAAACAGCGCTCTTCAT
GTAAGAAACAAGACCTCCCAGCTT
TACATCATGGTGTGATCAAGTCCAC
TGTATTTAGCCCCTACATTTAGCCC
CAGAATGTTAGAGGGCTTGAGGTC
CATGGAAGAGGATCTTATCATTGCC
CATGGAAGAGGATCTTATCATTGCC
AGAAGTTTTACCAGAGCTGTGAGAT
CTTAGTAGAGTCTTCCACCACTGC
GTAGGTACCGGTTTCTCTTCCTATC
CAGTTCTGGTACACCCTGAAGAAC
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clonal effects, two validated clones were used for each knockout.
More than one sgRNA sequence per gene listed in Table 1
indicates that clones were generated using different sgRNAs to
minimize potential off-target effects.

Lectin Treatment

MC-38 cells were dissociated with 2 mM EDTA in PBS (pH 7.4)
and resuspended in DMEM supplemented with 5% FBS. In total,
1.5 x 10* cells in 100 pl of the medium were seeded per well of 96-
well plate followed by incubation for 3 h at 37°C to allow cells to
adhere to the well surface. Afterward, 50 pl of cell medium in every
well were replaced with 50 ul of DMEM containing 2x
concentrations of either lectin, in the presence or absence of
cycloheximide (Santa Cruz Biotechnology), or corresponding
controls followed by incubation at 37°C for 20 h. Final
concentrations of MAL I, AAL, WGA were 50 pg/ml, 60 pg/ml,
and 4 ug/ml, respectively. Cycloheximide was used at 2.5 ug/ml
final concentration. An equivalent amount of lectin resuspension
buffer was used as a negative control, recombinant mouse TNEF-o
(BioLegend) at 20 ng/ml and 80 puM cisplatin (Santa Cruz
Biotechnology) were used as positive controls for apoptotic cell
death. Cell viability was assessed in a fluorescence-based assay
using double staining with Hoechst 33342 (Thermo Fischer
Scientific) and propidium iodide (Stemcell Technologies). In
experiments, in which cycloheximide was used, cytotoxicity
assay based on lactate dehydrogenase (LDH) release was
performed instead. All lectins were from Vector Laboratories
(Burlingame, California, USA).

Cell Death Measurement

Cytotoxicity was measured either by fluorometric method based
on double staining with propidium iodide (PI) and Hoechst
33343 (Hoechst) or by LDH cytotoxicity WST assay (Enzo Life
Sciences) according to the manufacturer’s protocol. For the
fluorometric assay, 11 ul of DMEM containing 10x
concentrations of Hoechst (10 pg/ml for MC-38 and 30 pg/ml
for YAMC cells) and PI (50 pg/ml) were added to each well of 96-
well plate 30 min before the end of treatment. Cells were washed
once with 100 pl Dulbecco’s phosphate-buffered saline (DPBS).
Another 100 pl of DPBS were added per each well followed by
fluorescence measurement at 535/617 nm for PI and 360/460 nm
for Hoechst using a plate reader (Tecan Infinite® 200 Pro).
Before calculating cytotoxicity PI/Hoechst ratio was determined.
Cytotoxicity was calculated using the following equation:

Cytotoxicity (%) =

PI/Hoechst(test subtan ce) — PI/Hoechst(low control)
PI/Hoechst(high control) — PI/Hoechst(low control)

x 100

Positive control values were measured as a mean PI/Hoechst
value from three independent experiments by treating MC-38
WT or YAMC cells with 20 ng/ml mouse TNF-o (BioLegend) in
combination with 2.5 pg/ml cycloheximide (Santa Cruz
Biotechnology). The PI/Hoechst ratio from untreated cells was

used as a negative control. For LDH assays, supernatants from
lysed cells treated with cycloheximide were used as
positive controls.

Flow Cytometry

Totally, 2 x 10° cells were stained with 200 ul of 10 pg/ml
fluorescein isothiocyanate or biotin-conjugated MAL I, MAL 1I,
SNA, AAL, WGA, and ECL (Vector Laboratories) in lectin
staining buffer (PBS, 1% FBS, 0.1 mM CaCl,) for 30 min on
ice followed by washing twice with the same buffer. When using
biotinylated lectins, additional incubation with streptavidin-
FITC (Biolegend) for 20 min on ice was performed. Before the
analysis using a FACScanto II flow cytometer (BD Bioscience),
cells were washed twice and resuspended in lectin staining buffer.

Western Blotting

Cells were lysed using RIPA buffer (50 mM Tris-HCI pH 8.0, 150
mM NacCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS) and total protein concentration was quantified using
Pierce' " BCA Protein Assay Kit (Thermo Fisher Scientific). In
total, 20 pg of total protein of each sample were separated using
12% SDS-polyacrylamide gel electrophoresis followed by wet
transfer to 0.2 um nitrocellulose membrane for LC3A/B or 0.45
pm membranes for other targets with subsequent incubation
with primary and secondary antibodies and detection using ECL
reagent (Thermo Fischer Scientific). The following antibodies
were used: anti-MLKL (37705S), anti-TRADD (3694S), anti-
BAK (3814S), anti-BAX (2772S), anti-caspase-8 (4927S), anti-
cleaved caspase-8 (9429S), anti-caspase-3 (9662S), anti-PARP
(9542S), anti-caspase-9 (9504S), anti-LC3A/B (4108S) were from
Cell Signaling Technology (Danvers, Massachusetts, USA); anti-
FADD (ab124812), anti-GSDMD (ab209845), anti-GAPDH
(ab9485), goat anti-rabbit IgG (HRP) (ab205718) were from
Abcam; anti-RIPK3 (NBP1-77299) was from Novus Biologicals
(Littleton, Colorado, USA); anti-caspase 1 (14-9832-82), goat
anti-rat 1gG2a (HRP) (PA1-84709) were from Thermo Fisher
Scientific (Waltham, Massachusetts, USA). For quantitative
Western blotting of LC3A/B, protein levels were normalized to
total proteins as measured by staining nitrocellulose membranes
with Ponceau S (0.2% Ponceau S, 3% trichloroacetic acid, 3%
sulfosalicylic acid) for 3 min shortly after the transfer followed by
wash with deionized water. All the band intensities were
quantified using Image] software.

Caspase Activity and Inhibition Assay

Activity of caspases- 3/7 was measured by cleavage of the
fluorescently labeled substrate Ac-DEVD-AFC (Sigma-
Aldrich). The assay was performed as previously described
(30). Briefly, 30 pl of cell lysates was mixed with 30 pl of assay
buffer containing 100 uM of respective substrate in black opaque
96-well plate followed by 30 min for caspase-3/7 substrate or 60
min incubation for caspase-8 and -9 substrates at 37°C followed
by fluorescence reading at 400/505 nm using a plate reader
(Tecan Infinite® 200 Pro). For inhibition assays, 1.5 x 10* cells in
DMEM, 5% FBS were seeded in wells of 96-well plates 3 h before
lectin treatment. The broad-spectrum pan-caspase inhibitor
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Q-VD-OPh (Sigma-Aldrich) was added at 20 uM 1 h before
lectin treatment and its concentration was maintained at the
same level after addition of lectins.

Statistical Analysis

One-way ANOVA followed by Bonferroni’s test was used to
assess significance between multiple experimental conditions.
Unpaired two-tailed t-test was applied to determine significance
between two experimental conditions. Differences were
considered statistically significant for p < 0.05. The error bars
in the figures represent the standard deviation (SD). Prism 9.2.0
Software (GraphPad) was used for statistical analysis.

RESULTS

Glycan Ligands and Cell Death Induced
by Lectins
The key property of lectins is the ability to recognize specific
glycan structures in terms of their monosaccharide composition
and glycosidic linkage. In this study, we used a panel of six lectins
of plant and fungi origin featuring distinct glycan specificities
and containing at least two carbohydrate-recognition domains
enabling the crosslinking of cell surface targets. This panel
consisted of Aleuria aurantia lectin (AAL), which recognizes
fucose-containing glycans (31), Maackia amurensis lectin 1
(MAL I), binding to glycans containing $1-4 galactose and o2-
3 sialic acid (32), Maackia amurensis lectin II (MAL II), which
recognizes 02-3-linked sialic acid (32), Sambuccus nigra
agglutinin (SNA), which recognizes 02-6-linked sialic acid
(33), wheat germ agglutinin (WGA), which binds to glycans
containing N-acetylglucosamine and sialic acid (34), and
Erythrina crystagalli lectin (ECL), which preferentially binds to
terminal B1-4 galactosylated residues (35). Considering that the
abundance of sialic acid-terminated glycans on cancer cells is
often associated with a poor prognosis and thus considered to be
a prospective target for anticancer therapies, we investigated the
impact of MC-38 desialylation on the binding ability
and cytotoxic effect of lectins recognizing sialylated
and non-sialylated glycan epitopes. For that purpose, we
established MC-38 cell line lacking expression of UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase
(GNE), the rate-limiting enzyme of sialic acid biosynthesis.
Among the lectins tested, WGA showed the highest binding
levels to MC-38 cells, indicating a wide availability of
N-acetylglucosamine ligands exposed at the cell surface. WGA
is also known to bind to sialylated glycans (36), yet MC-38
lacking GNE only showed minimally decreased binding for
WGA (Figure 1). The weaker binding of ECL, AAL, MAL I
and MAL II reflected lower densities of cognate carbohydrate
ligands. As expected, GNE”" MC-38 cells showed decreased
binding of o2-3-sialic acid-specific MAL II. By contrast, the
low binding of SNA was not affected by GNE inactivation,
thereby showing that either i2-6-sialylated ligands are largely
absent on MC-38 cells or SNA lectin still able to recognize a
minimal levels of sialic acids maintained by the lysosomal salvage

pathway of sialic acids (37). Furthermore, while SNA is
considered as a very specific lectin, non-specific binding is still
possible to occur (38). Interestingly, ECL binding was stronger in
GNE™" cells, which expose terminal B1-4 galactose in the absence
of sialic acid capping.

The cytotoxic response of the lectins tested largely matched
the density of their carbohydrate ligands. MAL I, AAL, WGA in
wildtype (WT), and ECL, AAL in GNE™" cells, induced cell death
in a dose-dependent manner with WGA showing the highest
cytotoxic effect (Figure 2). Despite the minimal decrease in
WGA binding observed in GNE”" cells, the cytotoxic effect of
WGA was significantly lower in desialylated cells (Figure 2A).
This observation is in line with reports on human leukemia cells,
which were less sensitive to WGA-mediated cytotoxicity when
treated with neuraminidase (20). The cytotoxic effect of MAL I
was completely abolished in GNE”" cells (Figure 2B), although
MAL I binding was similar between WT and GNE”~ cells
(Figure 1). This finding underlines the importance of glycan
composition for the cytotoxic effect mediated by MAL I, which
likely relies on the cross-linking of sialylated glycoproteins by
MAL 1. The opposite effect was observed for ECL, which was
only cytotoxic towards GNE”" cells (Figure 2C). The increase in
cytotoxicity matched the increased lectin binding measured in
GNE™" cells (Figure 1), suggesting that the higher density of
exposed [1-4 galactose was responsible for the sensitivity to
ECL-mediated cytotoxicity. AAL showed the lowest toxic effect
in MC-38 cells (Figure 2D) despite the strong binding of this
lectin to cells (Figure 1), thus showing that the cross-linking of
fucosylated glycoproteins does not significantly induce cell death.
Surprisingly, the lack of sialic acids in GNE”" cells resulted in
much stronger cytotoxicity mediated by AAL (Figure 2D). The
sialic-acid dependent lectins MAL II and SNA, which recognize
other sets of sialylated glycans than MAL I, also failed to induce a
cytotoxic response in MC-38 cells over the range of
concentrations tested (Figures 2E, F). Considering the lower
cytotoxicity mediated by WGA and MAL T in GNE”™ cells
(Figures 2A, B), sialylation, however, appears to be critical for
the cytotoxic effect of the latter lectins. Accordingly, the lack of
cytotoxicity associated with MAL II and SNA indicates that
binding to sialylated ligands alone is not sufficient to induce cell
death. The activation of cell death pathways probably requires
cross-links between differentially glycosylated surface proteins.

Lectins Activate Multiple Cell

Death Pathways

To characterize the signaling pathways mediating cell death
induced by the cytotoxic lectins WGA, MAL I and AAL, we
used a panel of MC-38 cells with knockouts in genes involved in
cell death responses. Apoptosis is the most common form of
programmed cell death induced in response to various extrinsic
and intrinsic stimuli. The extrinsic apoptosis pathway is induced
in response to activation of cell death receptors, followed by
formation of the death-inducing signaling complex (DISC) that
includes Fas-associated via death domain protein (FADD) and
pro-caspase-8, which cleaves the executioner caspase-3. The
intrinsic apoptosis signaling cascade is activated in response to
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various internal cell stress factors, such as DNA damage, and
results in the formation of pores in outer mitochondrial
membranes. The pro-apoptotic proteins BCL2 antagonist/killer
1 (BAK1) and BCL2 associated X (BAX) form these pores, which
lead to the release of cytochrome C and activation of initiator
caspase-9, which in turn activates the executioner caspase-3 (39,
40). We first addressed the role of BAX and BAK1, the members
of pro-apoptotic BCL-2 protein family mediating intrinsic
apoptosis (40). The inactivation of the BAX/BAK1 complex
decreased the cytotoxic response induced by WGA, MAL I and
AAL treatment (Figure 3A). The decrease in cytotoxicity by
more than 50% was similar to the effect achieved in cells treated
with cisplatin, which is a classical trigger of apoptosis. By
contrast, the inactivation of FADD (41), an adaptor protein
involved in the extrinsic signaling pathway of apoptosis, did not
impacted the cell death mediated by WGA, MAL I and AAL,
whereas tumor necrosis factor-o. (TNF)-induced cell death was
impaired as expected (Figure 3B).
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FIGURE 1 | Binding of plant lectins to MC-38 cells. (A, B) Binding ability of lectins used in the study to MC-38 cells with unaffected membrane sialylation level (MC-
38 WT) and desialylated (MC-38 GNE -/-) measured by flow cytometry. Unstained MC-38 WT (red lines), stained MC-38 WT (green lines), unstained MC-38 GNE -/-
(blue lines), stained MC-38 GNE -/- (orange lines). Each lectin was used at 10 pg/ml. Data are presented as mean and standard deviation of three replicates.

Another mode of programmed cell death is necroptosis,
which is caspase-independent and is mediated by tumor
necrosis factor receptor type l-associated death domain
protein (TRADD), receptor-interacting serine/threonine
protein kinases 1 (RIPK1) and 3 (RIPK3) and mixed lineage
kinase domain-like protein (MLKL) in response to extrinsic
stimuli. MLKL, when phosphorylated by RIPK3, affects cell
membrane permeability resulting in membrane rupture and
necroptotic morphology (42). The inactivation of TRADD
(43), another adaptor molecule required for activation of
apoptosis and necroptosis downstream of tumor necrosis
factor receptor 1 (TNFR1), decreased cell death in cells treated
with MAL I, but not when WGA and AAL was added
(Figure 3C). This observation suggests that MAL I could
potentially mediate its cytotoxic effects via crosslinking of
TNFR1 or other receptors, such as death receptor 3, that are
also known to induce cell death via TRADD (44). To assess the
ability of the lectins to induce necroptosis, we inactivated MLKL,

Frontiers in Immunology | www.frontiersin.org

91

February 2022 | Volume 13 | Article 797759


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Parshenkov and Hennet

Induction of Cell Death by Lectins

A B (]
60 80 60
ES X 604 % ES
.é; ;é; _3:' 40_ *
=2 2 2
5 X 40 wr 5
< ,g 3 GNE -/-
= <, <, 20 *
o O 204 o
GNE -/- wT
0- T T 1 1 0-
0 1 2 4 38 0 10 20 40 60 0 10 20 40 60
WGA, ug/ml MAL I, pg/ml ECL, ug/ml
D E F
30 10 10
S = &7 2 87
> 20 > >
£ £ 6 £ 6
2 - 5
] o 41 n
£ 10- g wr 13
o (8} 2 / GNE /- o Gl r GNE /-
= L~ wrt
0 T T T T T 0 T T T T 0 r T T
0 10 20 40 60 0 10 20 40 60 0 10 20 40 60
AAL, ug/ml MAL Il, ug/ml SNA, ug/ml
FIGURE 2 | Lectin-induced cell death in MC-38 cells. Cytotoxicity was measured by propidium iodide and Hoechst 33342 staining of cells after treatment with WGA
(A), MAL | (B), ECL (C), AAL (D), MAL Il (E), and SNA (F) lectins in WT and GNE deficient cells for 20 h. Data represent averages and SD of 6 replicates out of 2
independent experiments. *p < 0.05; one-way ANOVA followed by Bonferroni’s multiple comparison test.

which is essential in the execution of necroptosis. The loss of
MLKL decreased the cytotoxic effect of WGA, MAL I and AAL,
indicating the contribution of the necroptosis pathway in cell
death induced by these lectins (Figure 3D). Of note, loss of
MLKL resulted in increased sensitivity to TNF that shows a
potential role of MLKL in preventing non-necroptotic forms of
cell death induction in response to TNF in MC-38 cells. Given
that apoptosis and necroptosis could be activated by similar
stimuli, as in case of TNF/TNFRI1 signaling, and considering
inhibitory effect of caspase-8 on activation of necroptosis that
plays a role in switching of apoptotic cell death to necroptosis, we
tested the combined role of caspase-8 and RIPK3 in cell death
mediated by lectins (40, 42, 45, 46). MC-38 with caspase-8/
RIPK3 double knockout showed substantial decrease in cell
death in MAL I-treated cells and minor decrease in WGA-
treated cells that serves as an indicator of activation of either
extrinsic apoptosis or necroptosis in treated cells (Figure 3E).
Concurrent involvement of MLKL in MAL I and WGA-
mediated cell death also confirms a potential activation of
necroptosis in response to lectin treatment (Figures 3D, E).
The third mode of programmed cell death investigated in this
study is pyroptosis. The main pathway of pyroptosis is mediated
by caspase-1, which is activated by the inflammasome in
response to various microbial infections and non-infectious
stimuli. Pyroptosis is central in immune cells, such as
macrophages (47), but can also occur in other cell types in
response to infection or exposure to chemical compounds (48,
49). The pathway leads to gasdermin D (GSDMD) cleavage,

which embeds in the plasma membrane and forms pores that
disrupt ionic gradients and facilitate water influx, hence leading
to cell swelling and osmotic lysis (47, 50). Considering that some
plant lectins are known to induce formation of the NLRP3
inflammasome in immune and cancer cells (51), we addressed
the role of pyroptosis in mediating cell death in MC-38 cells
treated with WGA, MAL I and AAL. Inactivation of either
caspase-1 or GSDMD in MC-38 showed only a minor decrease
in MAL I-mediated cytotoxicity, supporting a partial
involvement of pyroptosis in response to MAL I treatment
(Figures 3F, G). Inactivation of caspase-1 resulted in decreased
cytotoxicity induced by MAL and also by AAL (Figure 3F). A
similar effect was observed in TNF-treated cells, in which
caspase-1 and GSDMD knockouts reduced cell death, thus
pointing to the induction of the pyroptosis response
downstream of TNFRI.

Given the dominant apoptosis response induced by lectins,
we addressed the activation of key apoptotic caspases and the
cleavage of poly (ADP-ribose) polymerase-1 (PARP1), which is a
substrate of activated caspase-3 and -7 (52). Indeed, a moderate
cleavage of caspases-3, -8 and PARP1 was observed in MC-38
cells after AAL and WGA treatment, while MAL I treatment only
resulted in minor cleavage of the same substrates (Figure 4A). In
comparison to lectin treatment, addition of TNF to MC-38 cells
led to significant cleavage of caspases-3, 8 and PARP1 already by
6 h of treatment, while cisplatin treatment showed substantial
detection of cleaved forms by 20 h. Caspase-9 cleavage was not
detected, neither in cells treated with lectins, nor in cells treated
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with TNF and cisplatin. To confirm the validity of the anti-
caspase-9 antibody applied, we tested lysates of mouse
embryonic fibroblasts treated with cytochrome C, which
resulted in the detection of caspase-9 cleavage products
(Supplementary Figure 3). The comparison with TNF
demonstrated that AAL and WGA treatments activated
apoptotic signaling, yet in a moderate and delayed manner.
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FIGURE 3 | Effects of single gene knockouts on lectin-induced cell death in MC-38 cells. Intrinsic apoptosis was assessed by inactivation of BAK/BAX (A), whereas
extrinsic apoptosis and necroptosis pathways were assessed by inactivation of FADD (B), TRADD (C), MLKL (D), and combined caspase 8/RIPK3 (E) genes. Pyroptosis
was assessed by caspase 1 (F) and GSDMD (G) gene inactivation. To exclude clonal effects, all experiments were performed in at least two clones for each gene
knockout. Data represent 6 replicates from at least 2 independent experiments. WT (blue bars), gene knockouts (red bars). *p < 0.05; unpaired two-tailed t-test.

In addition to immunoblotting, we measured activation of
effector caspases-3/7 using a specific fluorogenic substate. In case
of MAL I treatment, no caspase activation was detected, whereas
AAL treatment resulted in increased caspases-3/7 activity by 24 h
of treatment. WGA treatment also yielded increased caspases-3/7
activation, which was already significant by 14 h (Figure 4B). To
further validate the role of caspases in lectin-mediated cell death,
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FIGURE 4 | Cleavage of PARP, caspase 8 and caspase 3 induced by lectin treatment of MC-38 cells. (A) Immunoblot analysis of poly-ADP-ribose polymerase 1
(PARP), procaspase 8, cleaved caspase 8, caspase 3 and GAPDH as a loading control in MC-38 lysates after treatment with either lectins or cisplatin and TNF
controls for 6 and 20 h (B) Activation assay for caspases-3,7 (DEVDase activity) using fluorogenic substrate. (C) Impact of caspase inhibition on cell death. MC-38
cells were treated either with DMSO or Q-VD-OPH broad spectrum caspase inhibitor in combination with lectins and respective controls. Data represent 6 replicates
out of 2 independent experiments. *p < 0.05; one-way ANOVA with Bonferroni’s multiple comparison test (B) or unpaired two-tailed t-test (C).

we applied the pan-caspase inhibitor Q-VD-OPh in cells treated ~ autolysosome formation and lysosomal protease activity (54, 55).
with WGA, MAL I and AAL. Surprisingly, Q-VD-OPh  Treatment with MAL I, AAL and WGA up-regulated autophagy
treatment did not affect the cytotoxic response of the three  in MC-38 cells, as shown by immunoblotting of LC3-II in lysates
lectins, whereas it completely prevented cell death induced by  from cells treated for 6 h with lectins in the absence and presence
cisplatin and TNF as expected (Figure 4C). This finding showed of chloroquine (Figures 5A, B). The increase in steady-state LC3-
that, while activated in response to lectins, caspase activities are  II levels detected in the absence of chloroquine treatment together
not essential in mediating the cytotoxic response to WGA, MAL  with concurrent involvement of BAK1 and BAX, which are known
I and AAL. to affect lysosomal and autolysosomal permeability, indicated that
cell death induced by MAL I, AAL and WGA was probably
Lectin Treatment Up-Regulates Autophagy initiated through activation of the autophagic/lysosomal response
In addition to the induction of apoptosis, many lectins also up- rather than the classical apoptotic mitochondrial pathway (56).
regulate autophagy, which in some cases results in autophagy-
dependent cell death. To address the possible activation of —Lectin-Mediated Cell Death Depends on
autophagy in MC-38 cells treated with WGA, MAL I and AAL, De Novo Protein Synthesis
we measured the cleavage of the autophagy marker LC3. The LC3 ~ Another cell death pathway reported to be activated in tumor
protein is cleaved into LC3-I immediately after synthesis and is  cells in response to WGA is paraptosis, which is caspase-
later conjugated with phosphatidylethanolamine, thereby forming  independent and relies on de novo protein synthesis (19, 47).
LC3-1II, which is associated with autophagosome membranes (53). ~ Paraptosis can be activated by oxidative stress and other
Given that autophagy is a dynamic process, cellular LC3-II levels =~ mechanisms resulting in osmotic dysregulation (47, 57).
reflect the balance between synthesis and degradation resulting ~ Considering that autophagy also requires de novo protein
from the fusion of autophagosomes with lysosomes. To minimize  synthesis (39), we tested whether protein synthesis is essential
LC3-II degradation, chloroquine was added to inhibit  for execution of cell death induced by lectins by treating MC-38
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cells with cycloheximide. In addition to inhibiting protein
synthesis, cycloheximide is also known to block starvation-
induced autophagy via activation of mTORC1 signaling (58).
The addition of cycloheximide indeed strongly decreased the
cytotoxic response of the three lectins investigated (Figure 5C).
This finding further supported the caspase-independent nature
of lectin-mediated cell death induction in MC-38 cells.

Glycan Binding and Cell Death Induced by
Lectins in Non-Transformed YAMC Cells
The ability of lectins to bind and induce cell death was also
evaluated in matched non-transformed colon YAMC cell line
(Figure 6). As in MC-38 cell line, all lectins showed binding to
YAMC cell surface glycans. The strongest binding was observed
for WGA followed by ECL. MAL I, MAL II, AAL and SNA
showed weaker binding that reflects various densities of cognate
glycan structures. Compared to lectin binding to MC-38 cells,
binding of WGA, ECL and SNA was noticeably higher in YAMC
cells (Supplementary Figure 4).

The evaluation of cytotoxic responses mediated by lectins
showed that all lectins used in the study mediated cytotoxic
effects in a dose-dependent manner in YAMC cells. While ECL,
AAL and SNA showed similar minimal levels of cell death, MAL
I, MAL II and WGA showed the highest toxic effects
(Figures 7A-F). It is unlikely that MAL II-mediated
cytotoxicity observed only in YAMC cells was caused by
various availability of glycans containing o2-3-linked sialic
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FIGURE 5 | Non-apoptotic effects of lectins in MC-38 cells. (A) Induction of autophagy in cells treated with lectins was measured by quantitative immunoblot analysis.
MC-38 cells were treated with lectins with or without chloroguine (CQ) (100 uM) for 6 h followed by lysis with RIPA buffer and analysis by immunoblot staining.
Chloroquine was added 4 h prior to cell lysis (B) Quantification of immunoblot data by densitometry image analysis using Imaged software. LC3-l levels were quantified
and normalized to total protein levels using Ponceau S staining. (C) Assessment of de novo protein synthesis requirement for cell death induction. MC-38 cells were
treated with lectins either alone or in combination with cycloheximide (2.5 pg/ml) for 20 h followed by cytotoxicity measurement using LDH release assay. All data are
from at least 6 replicates out of 2 independent experiments with four (B) or three (C) technical replicates each. *P < 0.05; unpaired two-tailed t-test.

acids compared to MC-38 cells. The relative abundance of o2-
3-linked sialic acid containing glycans was similar in YAMC and
MC-38 cells as measured by flow cytometry and, therefore,
variability in MAL II-meditated responses could be explained
by possible resistance of MC-38 cells to programmed cell death
induced by MAL II (Supplementary Figure 4). Altogether these
results demonstrate that binding ability of all lectins and toxic
effects of MAL I, AAL, and WGA are consistent in both MC-38
and YAMC cells.

DISCUSSION

Glycosylation is an important player in the regulation of cells
death. Here, we demonstrated that MAL I, AAL and WGA did
induce programmed cell death in MC-38 cell line in a caspase-
independent manner, with involvement of multiple death
signaling pathways, including components of apoptosis,
necroptosis, pyroptosis, and autophagy. Furthermore, for MAL
I- and WGA-mediated cytotoxicity, we observed the importance
of sialic acid in mediation of programmed cell death by these
lectins. Sialic acid may increase the binding of the corresponding
lectins surface glycoproteins, thereby potentiating their cytotoxic
effect. The absence of cytotoxic effects mediated by lectins that
recognize sialic acid-containing glycan structures, namely MAL
IT and SNA, in MC-38 indicates that only glycans with certain
linkage of sialic acids and the type of underlying sugars could be
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associated with lectin-mediated cytotoxicity in MC-38 cells. The
observation of increased AAL toxicity in desialylated cells may
indicate that negatively charged sialic acids may alter cytotoxicity
of lectins which recognize other sugars by potentially affecting
their ability to cross-link cell surface glycans while not having
any negative impact on their binding ability. Moreover, the fact
that ECL was only cytotoxic towards desialylated cells underlined
the relevance of sialic acid removal, such as achieved by
neuraminidase treatment, when targeting tumor cells (59).

One of the main features of cancer cells is their ability to resist
to activation of programmed cell death via multiple mechanisms,
including altered glycosylation and upregulation of pro-survival
signaling pathways (60, 61). Compared with MC-38 cells,
elevated cytotoxic responses of SNA and ECL correlated with
their stronger binding to YAMC cells that indicates that lectin-
mediated cytotoxicity could be dependent on the relative lectin
binding strength. Among lectins used, WGA showed the highest
binding ability in both YAMC and MC-38 cells with the lowest
concentrations required for cell death induction that further
supports the correlation between the ligand availability and
cytotoxic response. Cytotoxicity of MAL II in YAMC was

similar to WGA and MAL I cytotoxic responses but it did not
correlate with its similar binding abilities in both cell lines which
could potentially indicate an acquired resistance of cancerous
MC-38 cells toward programmed cell death mode activated by
this lectin.

Whereas we found that MAL I, AAL and WGA induced
caspase-independent cell death, we also observed that
programmed cell death induced in response to lectins relied on
the pro-apoptotic BCL2 proteins BAK1 and BAX. These pro-
apoptotic BCL2 proteins are known for their involvement in
intrinsic apoptosis through formation of pores in the outer
mitochondrial membrane (39, 62). In addition to their pore-
inducing effect, BAK1 and BAX have also been shown to
contribute to the execution of autophagic cell death by
affecting permeability of lysosomes and autolysomes (56).
Increased LC3-II levels in lectin-treated cells confirmed the
increased synthesis of autophagy-related membranes and at the
same time reduced degradation of LC3-II located on the inner
side of autophagosomal membranes. Reduced LC3-II
degradation could result from autophagy inhibition through
alteration of lysosomal pH, as achieved by BAKI1 and BAX
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ability to affect permeabilization of autolysosomes. The absence
of caspase 9 cleavage as an indicator of the activation of intrinsic
mitochondrial cell death, which is BAKI1/BAX-dependent,
further supports the notion that cell death in response to MAL
I, AAL and WGA lectins relies on autophagic/lysosomal
alterations rather than mitochondrial damage (Figure 8).

The involvement of MLKL, a main executioner of
necroptosis, in cell death induced by the three lectins suggests
a partial contribution of the necroptosis pathway in the process.
After activation by RIPK3, MLKL oligomerizes and triggers
permeabilization of the cell membrane (42). In addition to its
role in necroptosis, MLKL also influences non-necroptotic
pathways (63). But considering the inhibitory effect of
cycloheximide on the cell death, necroptosis is unlikely a key
pathway mediating cell death in lectin-treated cells.

In addition to sharing common features, such as caspase-
independence and need for de novo protein synthesis, the cell
death pathways induced by MAL I, AAL and WGA presented
some differences as well. For example, loss of TRADD and
caspase-8/RIPK3 only affected the cell death induced by MAL
I, which pointed to a prevalence of the extrinsic pathway
contributing to the cytotoxic effect of that lectin. Also, the
contribution of GSDMD in the cytotoxic response was also

A B C
30 40 15
* * *
2 R® 30- T =
> 20 > > 10
S © * 'S
% = i -
g g% 3
<] <]
g, 10 5, 5
o O 104 5
0 T T T T T 0 T T T T T 0 T T T T T
0 1 2 4 8 10 20 40 60 10 20 40 60
WGA, pg/ml MAL [, ug/ml ECL, ug/ml
D E F
15 30 15
X L X l X .
» -
=10 320 . 2 10
© © g
= =
S : .
b 5 < 10 S 54
o o o
0 T T T T T 0 T T T T T 0 T T T T T
0 10 20 40 60 10 20 40 60 0 10 20 40 60
AAL, ug/mi MAL II, pg/ml SNA, ug/mi
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(A), MAL | (B), ECL (C), AAL (D), MAL Il (E), SNA (F) lectins in YAMC for 20 h at 33°C. Data represent averages and SD of 6 replicates out of 2 independent
experiments. *p < 0.05; one-way ANOVA followed by Bonferroni’s multiple comparison test.

unique to MAL I. Previous studies of Maackia amurensis
agglutinin, which consists of both MAL I and MAL II, did not
discriminate effects of these two lectins (22, 32, 64, 65). In the
study, the results obtained showed that only MAL I, and not
MAL 11, induces cell death in MC-38 cells, while in YAMC cells
both lectins showed similar levels of toxicity. The reasons for the
lack of cytotoxicity of MAL II in MC-38 remains unknown but
may be related to insufficient cross-linking of glycoproteins
triggering a cell death response or to the inhibition of key
signaling molecules required for the activation of MAL II-
mediated cell death.

The lectins applied in this study induced programmed cell
death in MC-38 cell line through multiple cell death pathways,
which was expected considering the structural diversity of cell
surface glycoconjugates able to initiate a cell death response
when crosslinked. Whereas several receptor glycoproteins
require clustering for activation, membrane glycosphingolipids,
known to be essential components of lipid rafts, may also
contribute to the cytotoxic effects of lectins as previously
reported (66, 67). Considering that tumors often acquire
resistance to various cytotoxic treatments because of mutations
in cell death pathways or over-expression of survival signaling
pathways, compounds inducing broad cytotoxic responses can
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be beneficial for the development of combination therapies.
Therefore, lectins could be used as potent sensitizers for killing
tumors that acquired resistance to apoptosis and other cell
death pathways.
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Supplementary Figure 1 | Validation of gene knockouts in MC-38 by Western
blot analysis. Immunoblot analysis of MC-38 lysates harboring knockouts in (A) BAX
and BAK1, (B) FADD, (C) TRADD, (D) MLKL, (E) RIPK3 in mouse embryonic
fibroblasts (MEF) and caspase-8 deficient MC-38 cells, (F) Caspase-8, (G)
Caspase-1, and (H) GSDMD genes. Red text indicates clones that have been used
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in the study. Images were acquired using either LAS-4000 (Fujiflm Life Science,

Cambridge, USA) (panels A, B, D-G) or Fusion FX7 EDGE (Vilber, Marne-la-Vallée,

France) (panels C, H) Western blot imaging systems.

Supplementary Figure 2 | Validation of GNE gene knockout in MC-38 by flow
cytometry using ConA, MAL II, and ECL. GNE knockout was performed using sgRNAs

targeting either exon 5 (clone 1) (A), orexon 9 (clone 2) (B). Each lectinwas used at 10 ug/ml.

Supplementary Figure 3 | Verification of caspase 9 cleavage in MC-38 treated

with lectins. (A) Immunoblot of caspase 9 in MC-38 treated with lectins and the

positive controls cisplatin and TNF. (B) Validation of caspase 9 cleavage in MC-38
treated with cisplatin, equivalent volume of deionized water and mouse embryonic
fibroblasts (MEF) untreated and treated with cytochrome C.

Supplementary Figure 4 | Binding of plant lectins to non-transformed YAMC
cells using same flow cytometer settings as for MC-38. (A) Binding ability of lectins
used in the study to YAMC cells measured by flow cytometry. Unstained YAMC (red
lines), stained YAMC (green lines). (B) Comparison of lectin mean fluorescence
intensities in MC-38 and YAMC. Each lectin was used at 10 pg/ml. Data are
presented as mean and standard deviation of three replicates.
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Polysialic acid (polySia) is a highly regulated polymer of sialic acid (Sia) with such potent
biophysical characteristics that when expressed drastically influences the interaction
properties of cells. Although much of what is known of polySia in mammals has been
elucidated from the study of its role in the central nervous system (CNS), polySia is also
expressed in other tissues, including the immune system where it presents dynamic
changes during differentiation, maturation, and activation of different types of immune cells
of the innate and adaptive response, being involved in key regulatory mechanisms. At
least six polySia protein carriers (CCR7, ESL-1, NCAM, NRP2, ST8Sia 2, and ST8Sia 4)
are expressed in different types of immune cells, but there is still much to be explored in
regard not only to the regulatory mechanisms that determine their expression and the
structure of polySia chains but also to the identification of the cis- and trans- ligands of
polySia that establish signaling networks. This review summarizes the current knowledge
on polySia in the immune system, addressing its biosynthesis, its tools for identification
and structural characterization, and its functional roles and therapeutic implications.

Keywords: polysialic, glycan, immunity, sialic, glycosylation

INTRODUCTION

The immune system is the repertoire of processes contained in the innate and adaptive responses
that protect our organism from foreign antigens such as microbes, viruses, cancer cells, and toxins
(1). In many of these processes, glycosylation is involved. Glycosylation is the biosynthesis and
attachment of carbohydrate structures known as glycans to proteins, lipids, and RNA to form
glycoconjugates, albeit they can also be found in a soluble form (2, 3). Glycans participate in
different key aspects of the immune system, including the recognition of self and non-self.
Additionally, the dynamics and richness of the biological information encoded in glycans and
the effector functions of glycan binding proteins allow the fine-tuning and control of the immune
response (4, 5).

The diversity of glycans results not only from the variety of linkages that are found between
monosaccharides but also from different glycosylation pathways that occur in the endoplasmic
reticulum/Golgi apparatus through the coordinated action of glycosyltransferases and glycosidases,
as well as other types of proteins involved in supporting their function (nucleotide-sugar synthesis
and transport, trafficking, organelle pH, etc.) (6).
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A common feature of glycans that stands out is the presence of
the negatively charged monosaccharide sialic acid (Sia) in the non-
reducing terminus. The fine-tuning of the immune response is
highly influenced by the presence/absence and type of linkage of Sia
(7). Sialic acids are a family of monosaccharides characterized by a
nine-carbon structure with a negative charge in the carboxylate
(Cl1). The sialic acids found in mammalian organisms vary in their
substituent at C5, which in N-glycolylneuraminic acid (Neu5Gc) is a
glycolylated amino group, in N-acetylneuraminic acid (Neu5Ac) is
an acetylated amino group, and in 2-keto-3-deoxy-nonulosonic acid
(Kdn) is a hydroxyl group (7). The glycosidic linkage between the
C2 of Sia and the underlying monosaccharide may be 02,3- or 0:2,6-
to galactose (Gal) or N-acetylgalactosamine (GalNAc), or 02,8- to
another Sia forming chains that vary in length as disialic acid (diSia),
oligosialic acid (oligoSia), or polysialic acid (polySia) structures with
degrees of polymerization (DP) of 2, 3-7, and 8-400, respectively.

The type of Sia, the chemical modifications it can be subject to
including acetyl, sulfonyl, lactyl, methyl, and lactone groups, and
the configuration of the glycosidic linkage constitute stereospecific
biophysical information that cells can dynamically modify and
also be sensed by specific endogenous glycan-binding proteins
such as selectins, sialic acid-binding immunoglobulin-type lectins
(Siglecs), or CD28, thus establishing key functional pathways in
the immune response (8, 9).

In mammals, sialic acids are very abundant, and a single cell
displays millions of Sia molecules (7). Sia-containing glycans,
including polySia glycans, can work as immune checkpoints for
differentiation, maturation, migration, tolerance, and activation,
also being involved in the pathogenesis of inflammatory
disorders and cancer (7, 10).

Mammalian polySia is characterized as a long polymer (8-400)
of terminal 0:2,8-linked Sia that can be found on N-linked and O-
linked glycans of a restricted group of glycoproteins. PolySia
presents with a characteristic enormous hydrated volume and
negative charge that strongly modulates the repulsion/attraction
between cells (7, 11). Three polysialyltransferases (polySTs),
ST8Sia 2, ST8Sia 3, and ST8Sia 4 with distinct tissue expression
patterns are involved in the synthesis of polySia in the Golgi, using
CMP-Sia as donor substrate (12). The ST8Sia 3 is considered a
polyST on the basis that it is capable of autopolysialylation;
however, other natural acceptors for polysialylation are not
known (13, 14).

Aside from autopolysialylation of ST8Sia 2, ST8Sia 3, and
ST8Sia 4 (13, 15, 16), eight other polySia protein carriers have
been identified in mammals: chemokine receptor CCR7, CD36,
E-selectin ligandl (ESL-1), neural cell adhesion molecule
(NCAM), neuropilin-2 (NRP2), megalin, skeletal muscle o-
subunit of the voltage-gated sodium channel, and SynCAM 1
(17-24, 26) (Table 1). Of these, NCAM is by far the most studied
and characterized and much of what is known on polySia has
been obtained from understanding the role of polySia-NCAM in
the central nervous system (CNS) (75). Nonetheless, polySia has
been also identified in the immune system and can be expressed
by different types of cancer cells (44, 76-78). As will be addressed
in this review, polysialylated proteins expressed by different
immune cells include CCR7, ESL-1, NCAM, NRP2, ST8Sia 2,

and ST8Sia 4, although data indicate that other protein carriers
remain to be identified.

Unlike 0:2,3- and 02,6-sialylated glycans, which have been
easily screened in human cells using lectin panels that use Sia-
binding lectins such as Maackia amurensis (MAA 1I; Siaci2,3)
and Sambucus nigra (SNA; Siaci2,6) and that have been widely
used to determine immune glycophenotypes, no lectins are
available to detect polySia (79, 80). Additionally, because of its
hydrodynamic arrangement, polySia has been difficult to
structurally characterize (81). These challenges have lagged the
identification of polySia in other tissues; nonetheless, anti-
polySia antibodies with differential specificity for the DP are
available, easily allowing the identification of polySia (82).
Furthermore, there are now many structural techniques that
allow characterization of polySia chains.

In this review, we will summarize the current knowledge on
polySia in the immune system, addressing its biosynthesis, its
tools for identification and structural characterization, and its
functional roles and therapeutic implications.

BIOSYNTHESIS OF POLYSIA IN MAMMALS

PolySia is a unique posttranslational modification that consists in
linear polymer forms of Sia, joined internally by 02,4, 02,5 O-
glycolyl 02,8, 02,9, and 0:2,8/9 linkages (82). In humans, polySia
is exclusively formed by the polymeric elongation at position C8
of 02,3- or 02,6-linked Sia, although little is known about the
incorporation of dietary Neu5Gc (83).

PolySia was first identified in gram-negative bacterial
polysaccharides from pathogens such as Escherichia coli K23 and
the Neisseria meningitidis groups C and B (84, 85). Nonetheless, it is
widely expressed in glycoconjugates of the cell surface from bacteria
to different types of human cells, although most of its
characterization has occurred in CNS tissues (86, 87).

The biosynthesis of polySia in humans requires the synthesis of
CMP-Sia that begins with the assembly of monomeric blocks of
Sia through several biosynthetic steps (88, 89) (Figure 1). The
rate-limiting stage occurs during the conversion of UDP-GIcNAc
into N-acetylmannosamine-6-phosphate (ManNAc6P) by a
single- and dual-UDP-GIcNAc-2 epimerase/ManNAc kinase
enzyme (GNE). ManNACc6P is then condensed by the sialic acid
synthase (NANS) with phosphoenol-pyruvate resulting in N-
acetyl-9-phosphoneuraminic acid (Sia9P), followed by
dephosphorylation catalyzed by Neu5Ac-9-P phosphatase
(NANP). Sia is then translocated into the nucleus where the
CMP-Sia synthase (CMAS) activates Sia by transferring the
CMP moiety from CTP to the B-anomeric hydroxyl group at C2
of Sia in the presence of Mg”* (90, 91). Unlike all other eukaryotic
nucleotide sugar synthetases which are expressed in the cytoplasm,
the eukaryotic CMAS enzyme is predominantly located in the
nucleus (92). CMP-Sia is then transported to the cytosol by an
unknown mechanism, and subsequently, the nucleotide sugar is
translocated to the Golgi lumen by the action of the CMP-Sia
transporter (SLC35A1) where it is used as a donor substrate by
sialyltransferases (ST's) for subsequent addition to glycoconjugates
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TABLE 1 | Mammalian polysialylated proteins.

Protein Molecular  PolySia PolyST Function Immune cell expression
size glycan
CCR7 378 aa N- and ST8Sia 4 (25) Lymphocyte and DC homing to the lymph nodes and intestinal ~ Activated B cells, naive T cells,
O-glycans Peyer’s patches (27, 28) regulatory and memory T cells, NK
(25) cells, and DCs (29).
CD36 472 aa O-glycan  n.d. In milk, it is involved in protection and nutrition during neonatal Mononuclear phagocytes (32).
(18) development (18). Programming cognitive development (30). Polysialylation of CD36 in these cells
Exogenous LCFA transmembrane transport in lactating has not been determined.
mammary glands (31).
ESL-1 1179 aa O-glycan  ST8Sia 4 (24) E-selectin ligand in the Leukocyte adhesion cascade (33). DCs, monocytes, myeloid cells, and
(24) neutrophils (33, 34).
Megalin 4655 aa O-glycan  n.d. Receptor of apolipoprotein E, Ca®*, vitamin B12, polypeptide n.d.
(22) hormones, and tissue-type plasminogen activator in complex
with type-1 inhibitor (22).
NCAM 858 aa N-glycan  ST8Sia 4 in Marker for NK cells, high expression in active cytotoxic NK cells  DCs, hematopoietic progenitors,
(35, 36) immune system  (40), mobilization of hematopoietic progenitors (41). Synaptic microglia, monocytes, neutrophils,
(37, 38). ST8Sia  plasticity, cell adhesion, axon growth and fasciculation in the NKs (43, 44).
2 and ST8Sia4 CNS (42).
in CNS (39).
NRP2 931 O-glycan  ST8Sia 4 (45, Receptor for specific isoforms of vascular endothelial growth DCs, macrophages and monocytes
(23, 45, 46). factors (VEGF) family and for class 3 semaphorins (SEMA3) (47). (23, 43).
46). Angiogenesis (48). Development of selective cranial and sensory
nerves, axon guidance, tumorigenesis, vascularization, and
cardiovascular development (49-54).
Skeletal muscle 1836 aa N-glycan ~ ST8Sia 4 (55, Generation of action potential in skeletal muscle cells (57). n.d.
o-subunit (55, 56) 56)
NaV1.4
ST8Sia 2 375 aa N-Glycan  ST8Sia 2 (59). Polysialylation of ST8Sia 2 (autopolysialylation), NCAM in CNS DCs, hematopoietic precursors,
(58). and SynCAM 1 (45). macrophages, monocytes and CD4+
T cells (23, 43, 60).
ST8Sia 3 380 aa N-glycan ~ ST8Sia 3 (14). Transfer of polySia and oligoSia to ST8Sia 3 and to NCAM (14,  n.d.
(13) 61). Selective sialylation of several striatum-enriched membrane
proteins, adding o2,8-diSia and 0.2,8-triSia units (62).
ST8Sia 4 359 aa N-glycan  ST8Sia 4 (16, Transfer of polySia and oligoSia to ST8Sia 4 (autopolysialylation), DCs, hematopoietic precursors,
16, 63) 63) NCAM, NRP2, ESL-1 and CCRY7 (45). macrophages, microglia, monocytes,
O-glycan neutrophils, NK cells, thymocytes,
RTEs, CD4+ T cells, CD8+ T cells and
B cells (23, 24, 60, 64-67).
SynCAM 1 375 aa N-Glycan  ST8Sia 2 (69) SynCAM 1 in DCs stimulates IL-22 expression in activated CD8" Mast cells and DCs (73, 74).
68) T-cells (70). In mast cells, SynCAM 1 along with MITF are Polysialylation of SynCAM 1 in these

essential for development and survival of mast cells in vivo (71).

cells has not been determined.

Involved in Cell adhesion, epithelial integrity and thymus
development (70, 72).

aa, amino acids; n.d., not determined.

(Figure 1) (15, 93). In vertebrates, STs are classified into four
groups (ST6Gal, ST6GalNAc, ST3Gal, and ST8Sia) according to
the glycosidic linkage formed and the sugar acceptor specificity
(94, 95). It is important to mention that synthetic derivatives of
ManNAc (ManNR) or Sia (SiaNR) can be used to metabolically
label sialic acid; examples include ManNAz and SiaNAz where N-
acetyl is replaced with N-azidoacetyl (9).

The Polysialyltransferases

The ST8Sia enzymes that synthesize the 02,8 Sia linkage, ST8Sia 1
through 6, on glycoproteins or glycolipids (Table 2), belong to the
CAZy glycosyltransferase family GT29 that show four consensus
motifs called sialylmotifs large (SML), small (SMS), motif ITI (M3),
and very small (SMVS) involved in substrate binding, and catalysis
(103, 104). In vertebrates, the ST8Sia enzymes have been
characterized in fish, mice, and humans (95, 105, 106). Based on

sequence analysis, the ST8Sia enzymes can be grouped in monoST's
(ST8Sia 1, 5,and 6) or oligo- and polySTs (ST8Sia 2, 3,and 4) (107).
The acceptor substrate specificities and products for the ST8Sia
enzymes are shown in Table 2.

The polySTs show a similar structure and are characterized by
two motifs likely involved in substrate binding and polySia chain
elongation named polysialyltransferase domain (PSTD) of 32 aa
located upstream of the SMS, and the polybasic region (PBR)
made up of 35 aa that is in the stem region of the enzymes. All
the members of the ST8Sia family reside in the Golgi apparatus
and possess the catalytic domain tethered to the membrane via
an N-terminal region and a type II transmembrane domain (107,
108). The amino acid (aa) sequence of the human polyST ST8Sia
4 has 59% identity with that of ST8Sia 2 (109), while the sequence
of the human ST8Sia 3 has 33.3% and 34.8% identity with the
human ST8Sia 2 and ST8Sia 4, respectively (14).
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FIGURE 1 | Schematic representation of mammalian polySia biosynthesis. Biosynthesis of PolySia is based on the building block of monomers of Sia through
conversion of UDP-GIcNAc into ManNAc by the GNE bifunctional enzyme (epimerase) and subsequently to ManNAc-6-phosphate (kinase). The ManNAc-6-
phosphate is then transformed into Sia-9-P by the N-acetylneuraminate synthase (NANS) and dephosphorylated by Sia-9-P-phosphatase (NANP) to yield Sia. After
that, Sia is transferred to the nucleus and conjugated with cytidine monophosphate (CMP) by the CMP-Sia synthase (CMAS) and translocated into the Golgi by the
CMP-sialic acid transporter SLC35A1, where sialyltransferases, including ST8Sia 2, 3, and 4, use it as donor substrate for polySia synthesis. Synthetic derivatives of
ManNAc (ManNR) and Sia (SiaNR) can be used to metabolically label Sia glycans, including polySia.

Regarding NCAM polysialylation in the CNS, it has been
observed that both ST8Sia 2 and 4 add polySia to N-glycans
attached to NCAM more efficiently than to N-glycans released
from NCAM and that the amount of polySia synthesized by both
enzymes is higher than the one obtained by either enzyme alone,
exhibiting a synergistic effect (14, 61). Concerning acceptor
preferences, ST8Sia 4 is more able with respect to ST8Sia 2 to
add polySia to oligosialylated and unpolysialylated antennas in
N-glycans attached to NCAM, even when polySia is attached to
at least one of the other antennas (61). Nonetheless, not all cells
express both enzymes and polySia synthesis can be dictated by
either ST8Sia 2 or ST8Sia 4. In fact, NCAM polysialylation in
immune cells is established by ST8Sia 4 and not by ST8Sia 2 (43).

Autopolysialylation of polySTs is apparently not required to
polysialylate NCAM (16, 59, 63, 110). However, ST8Sia 2 and 4
autopolysialylation is required for NRP-2 polysialylation and
promotes SynCAM 1 polySia chain elongation (45). Noteworthily,
the polyST ST8Sia 3 is also capable of autopolysialylation and
presents the PSTD and PBR conserved in ST8Sia 2 and ST8Sia 4
(14, 107, 108). The influence of autopolysialylation in the enzymatic
activity of ST8Sia 3 has not been determined.

ST8Sia 3 has not been found to naturally polysialylate NCAM
or other known substrates (14, 107, 108). The study of an ST8Sia
3 KO mouse model revealed that ST8Sia 3 is responsible for the
selective sialylation of several striatum-enriched membrane
proteins, adding 02,8-diSia and 02,8-triSia units to its
substrates (62). Nonetheless, these data should be taken
cautiously when studying non-neural cells, such as immune cells.

Due to the anti-adhesive properties derived of its large
exclusion volume and hydration, polySia can reduce the
homophilic or heterophilic interaction in the same membrane
(cis interaction) or in another cell membrane (trans interaction)

exhibiting repulsive properties (12). PolySia-repulsive properties
are involved in neural cell migration, axonal guidance,
fasciculation, myelination, synapse formation, and functional
plasticity of the nervous system. In contrast, polySia can also
form an attractive field when interacting with soluble molecules
such as neurotransmitters, growth factors, and neurotrophic
factors directing in many cases binding and release, acting as a
reservoir of these molecules on the neural cell surface and as a
regulator of the local concentration by condensing them and
inhibiting their diffusion (111-113).

It has been shown that polySia binds to brain-derived
neurotrophic factor (BDNF), a member of neurotrophin
family, forming a complex that allows binding to the BDNF
receptor, TrkB, and p75NTR, increasing growth and/or survival
of neuroblastoma cells (12). The formation of the BDNF-polySia
complex is directly dependent on chain length and requires a
DP=12 (12).

Repulsion in polySia-NCAM is differentially regulated by both
ST8Sia 2 and ST8Sia 4. Through surface plasmon resonance, it was
shown that polySia-NCAM presented different molecule-binding
properties depending on the polySTs involved in its synthesis. The
polySia-NCAM synthesized by ST8Sia 2 showed a repulsive
property toward polySia-NCAM and an attractive field toward
BDNF and FGF2 (114). In contrast, polySia-NCAM synthesized
by ST8Sia 4 showed only attractive properties toward polySia-
NCAM, BDNF, FGF2, and dopamine. This is a consequence of
FGF2 and BDNF binding to polySia with DP>17 and DP>12,
respectively, and as ST8Sia 4 synthesizes larger polySia chains with
respect to ST8Sia 2, then polySia synthesized by ST8Sia 4 binds
greater amounts of BDNF and FGF2 compared to polySia
synthesized by ST8Sia 2 (115). The repulsive field has been
observed only in polySia synthesized by ST8Sia 2, but not by
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TABLE 2 | Preferred acceptor substrates and products for the human ST8Sia family.

Enzyme Substrate Product Ref.
ST8Sia 1 GM3, GD1a, GT1b gangliosides GD3, GT1a, and GQ1b gangliosides (96, 97)
ST8Sia 2 Monosialylated N-glycans DiSia, oligoSia, and polySia (30DP) (45)
ST8Sia 3 Monosialylated N-glycans DiSia, triSia, oligoSia, and polySia (only autopolysialylation) (13, 14, 62, 98)
Keratan sulfate
O-glycans
ST8Sia 4 Monosialylated N-glycans DiSia, oligoSia, and polySia (50DP) (39, 46)
Oligosialylated N-glycans
Mucin type O-glycans
ST8Sia 5 GD3, GM1b, GD1a, GT1b, GQ1c GT3, GD1c, GT1a, GQ1b, GP1c (99, 100)
ST8Sia 6 o2,3-Sialylated core 1 O-glycans Disia O-glycoproteins (101, 102)

STs from the ST8 family catalyze the transfer of Siac2,8 to different glycoprotein and glycolipid substrates.

diSia, disialic acid; oligoSia, oligosialic acid; polySia, polysialic acid; triSia, trisialic acid.

ST8Sia 4; however, it is not clear how this homophilic repulsion
takes place. This important reservoir function performed by
polySia on NCAM has not been explored regarding NCAM-
expressing immune cells or other polysialylated proteins.

METHODOLOGIES OF POLYSIA ANALYSIS

The DP of polySia chains has a critical importance in regulating
their function. Nonetheless, even with sensitive methods to
accurately determine the basic structure, polySia structural
characterization, including DP, is still a challenge due to its large
size, negative charge, and structural heterogeneity. Some approaches
broadly used for polySia analysis may be organized as structural and
qualitative, structural and quantitative, quantitative and
semiquantitative, or qualitative (Table 3) (87, 133).

The structural characterization of polySia requires in most
cases a combinational analysis or high-throughput analysis
techniques (133). One of the first analytical approaches used
for polySia analysis was thin-layer chromatography (TLC) of
mild acid hydrolysate of polySia, using resorcinol as a
visualization reagent (116, 124, 134, 135). Nowadays, structural
and qualitative analyses such as MALDI-TOF and ESI-MS offer
many advantages over traditional analytical methods, including
low sample consumption and high sensitivity (117, 135).

Furthermore, the structural and quantitative analyses of
polySia consists of several steps such as mild acid hydrolysis,
derivatization, and HPLC analysis of DMB-polySia derivatives
that allow determination of polySia DP and glycosidic linkages.
One of the most suitable and recommended approaches to polySia
analysis is high-performance anion-exchange chromatography
with pulsed amperometry detector (HPAEC-PAD) (136). The
major advantage of HPAEC-PAD is that this approach requires
no derivatization for sensitive detection and allows the inclusion of
different detectors offering diverse ways to detect polySia such as
fluorescence (HPAEC-FD), ultraviolet (HPAEC-UV), and corona
charged aerosol detection (HPAEC-CAD). HPAEC analysis can
characterize poly/oligosaccharides using a pellicular anion-

exchange resin and sodium hydroxide phase (87). The Neu5Ac
and Neu5Gc residues are stable in alkaline eluents, but sialic acids
containing O-acyl substituents are unstable, then a gradient of
sodium acetate is recommended. Within quantitative methods,
periodate fluorometric C7/C9 analysis is available to detect inter
Sia residues of oligo and polySia. It consists of periodate oxidation
of Sia residues and fluorescent labeling with DMB detecting 0.2,8-
linked oligo/polySia structures using combinatorial platforms such
as reverse-phase HPLC with fluorescence detection (RPLC-FD)
(116, 117, 136, 137). An additional approach that provides similar
results and uses soft acid conditions is mild acid hydrolysis—
fluorometric anion-exchange chromatography method (MH-
FAEC), recently adapted for oligo-PolySia analysis (138).

The semiquantitative or qualitative analysis represented by
Western blot (WB) and quantitative analysis such as ELISA and
flow cytometry are mostly based in immunodetection of polySia
(138, 139). A disadvantage of ELISA is that it cannot distinguish
polySia of different chain lengths and WB only offers relative
quantification of polySia based on differential densitometry
associated with chemiluminescent and fluorescent signal
obtained from blots. Unfortunately, it is frequent in WB to
visualize polySia as wide and smeared bands that difficult
quantification. Flow cytometry is a rapid high-throughput
approach that allows detection and measurement of polySia
expression in cells by detecting fluorescence intensity using
anti-polySia antibodies conjugated with fluorophores or fusion
proteins such as GFP-tagged engineered endoneuraminidase
enzyme (EndoN-GFP) that has been modified to bind but not
digest polySia (140). Advantages and disadvantages for several
methodologies to analyze polySia are described in Table 3.

The anti-di/oligo/polySia antibodies can be classified into three
groups based on their specificity for chain DP (44, 82) (Table 4).
The group I antibodies are the “anti-polySia antibodies” that
recognize chains of 0:2,8-linked Sia with >DP 8, including fully
extended polySia chains. These antibodies recognize the helical
conformation formed by Sia residues within the internal region of
the polySia chains. The non-reducing terminal residues are not
involved in antigen recognition. The group II antibodies recognize
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TABLE 3 | Methods for oligoSia/polySia analysis.

Classification

Structural and
qualitative
analyses

Structural and
quantitative
analyses

Quantitative
analysis

Method

TLC

MALDI-TOF
MS

ESI-MS

HPAEC-PAD

HPAEC-FD

HPAEC-UV

HPAEC-
CAD

ELISA

Flow
cytometry

Fluorometric
C7/C9

Advantages

Resolves oligoSia from polySia chains.

Applied to study the DP of oligoSia composed of
different Sia isomers

Easy adaptability and inexpensive.

Determines exact mass composition and DP of
polySia.

Preferential detection of unmodified peptides and
partial or complete suppression of glycopeptides.
Low quantities (ng) of polysialylated proteins can be
analyzed.

Discerns between 2,9 linked polySia from 02,8
linked polySia.

PolySia of DP up to 100, and 40 Sia units have been
successfully detected.

Determines linkages and structure.

Low quantities from 10 to 20 pmol of the compound
with Sia moieties can be analyzed.

Sia dimers, trimers, and tetramers can be detected
with higher efficiency.

Allows detection of all non-volatile and most semi-
volatile analytes.

It is not necessary to derivatize samples.

PolySia can be quantified by coupling HPAEC with a
detector based on amperometry, fluorescence, UV
absorbance, or mass spectrometry.

Widely employed method.

High sensitivity.

Can detect polySia with DP > 90

Amount of 200 ng derivatized colominic acid have
been analyzed.

Can also detect polySia from tissues with DP
ranging from 18 to 60

Quantify-free polySia with a resolution of up to 25
Sia units.
Does not require derivatization.

CAD separates polySia of higher degree of
polymerization >90 colominic acid units.

Can detect DP among 65 and 130 Sia residues.
Does not require derivatization.

Less time than other methods.

Less specific and less sensitive than HPAED-FD.
Lower amount (250 ng)

Reproducible and reliable method.

High specificity and sensitivity.

Can analyze very small samples.

Rapid and accurate for quantitation of total
polysialylated proteins.

Can detect polySia on the surface of intact cells.

The anti-PolySia antibodies and Endo N-GFP fusion
proteins can be used in flow cytometry allowing the
analysis of the number of polySia positive cells.

It is selective and sensible.

Highly sensitive and selective analysis of internal Sia
residues of oligo- and polySia.

Internal Sia residues that remain unaffected can be
analyzed by HPLC-FD after fluorescence
derivatization.

Disadvantages

Poor resolution of polySia with greater than 10 Sia
units.
Requiring at least 1 pg of analyte.

Poor tolerance to sample impurities.

Remotion of peptides and enrichment of
glycopeptides is needed.

The mass accuracy and the resolution of the signals
are reduced in the linear mode and did not allow an
identification of incompletely lactonized species.

Derivatization approach is important to analyze
sialylated glycans without losing terminal sia groups.

To detect DP 50 is necessary 10 ug of purified
polySia samples.

Epimerization and degradation of carbohydrates.
Unstable baseline, loss of sensitivity, and requirement
of a dedicated base compatible HPLC.

Derivatization process with DMB requires acidic
conditions and longer periods of incubation.

Cationic charges getting for derivatized polySia are
critical for separation.

Poor selectivity using short UV wavelength (210 nm)
by increasing background.

High sample purity is necessary.

Among 10 ug purified polySia for analysis

Large amount of polySia polymer is necessary.
Restricted to volatile buffers

Decreased resolution by increased salt.

High standards of sample purity, compared to
fluorometric detection.

The method cannot distinguish polySia of different
chain lengths.

To corroborate PolySia antibody specificity,
sometimes it is necessary to use the Endo N
enzyme.

Specificity is associated with antibodies and controls
must be used.

The exact DP is not possible to determine.

False positive quantitative results for internal Sia
residues of polySia.
The method allows oxidation of a2,9 linked polySia.

References

(116)

(117)

(118, 119)

(120, 121)

(122)

(123, 124)

(125-127)

(128)

(129, 130)

(131, 132)

(Continued)

Frontiers in Immunology | www.frontiersin.org 106

February 2022 | Volume 12 | Article 823637


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Villanueva-Cabello et al.

PolySia in Immunity

TABLE 3 | Continued

Classification Method Advantages Disadvantages References
«  Detection of 1-ng amounts of internal Sia residues of
oligo- and polySia molecules.
Semiquantitative Western *  Expression levels of polysialylated-proteins. * Less accurate to quantify polysialylated-proteins. (58)
or qualitative blotting * Associated chemiluminescent and/or fluorescent ¢  Smeared bands.

analysis signals.

«  High specificity.

«  The quantity of polySia determined is lower than with
the ELISA method.

* Detects polySia residues with 735 antibody and

12E3 antibody recognizes oligo/polySia.

TLC, thin layer chromatography; MALDI-TOF MS, matrix-assisted laser desorption/ionization mass spectrometry; ESI-MS, electrospray ionisation mass spectrometry; HPAEC, high-
performance anion exchange chromatography; PAD, pulsed amperometric detection; FD, fluorometric detection; UV, ultraviolet detection; CAD, charged aerosol detector; ELISA,

enzyme-linked immunosorbent assay.

TABLE 4 | Anti-oligoSia/polySia antibodies.

Group Clone Organism Immunoglobulin Immunogen Type of sialic acid DP
type recognized specificity
1) Anti-polySia H.46 Horse poly, IgM Neisseria meningitidis GpB NeubAc DP=8
735 Mouse Mono, IgG2a Neisseria meningitidis GpB Neu5Ac DP>11
11) Anti-oligoSia + anti-polySia 12E3 Mouse Mono, IgM Embryonic rat forebrain Neu5Ac DP>=5
antibody 5A5 Mouse Mono, IgM Membrane from embryonic rat spinal Neu5Ac DP=3
cord
2-2B Mouse Mono, IgM Neisseria meningitidis GpB NeubAc DP>4
OL.28 Mouse Mono, IgM Oligodendrocyte from newborn rat NeubAc DP=4
2-4B Mouse Mono, IgM Oligo/polyNeusGe-PE Neu5Gc DP>2
Kdn8kdn ~ Mouse Mono, IgM KDN-gp KDN DP>2
111) Anti-oligoSia antibody S2-566 Mouse Mono, IgM Human GD3 Neu5Ac DP=2
1E6 Mouse Mono, IgM (NeubAc)2-bearing artificial glycopolymer NeubAc DP=2
ACA Mouse Mono, IgG3 (NeusGe)GD1c Neu5Gc DP=2-4
Other 12F8 Rat Mono, IgM Mouse membrane fraction Unknown Unknown

Poly, polyclonal; mono, monoclonal.

both oligoSia with DP = 2-7 and polySia chains. These antibodies
recognize the distal portion of oligo/polySia chains, including the
non-reducing terminal. The group III antibodies recognize
oligoSia with DP = 2-4, but do not bind to polySia. These
antibodies appear to recognize specific conformations of di/
oligoSia with DP = 2-4. The combinatory use of antibodies
allows estimation of polySia DP. The two most used anti-polySia
antibodies are the monoclonal 12E3 antibody (IgM) that
recognizes the non-reducing terminal residue of oligoSia/polySia
acid structures with DP>5 and the monoclonal 735 antibody (IgG)
that recognizes the internal sialyl residues of polySia structures
with DP>11.

Finally, the use of neuraminidases is a helpful resource to
identify the presence or composition of Sia in cells. EndoN is a
phage enzyme that specifically degrades 02,8 Sia polymers,
diffusing rapidly in tissues and capable of degrading polySia in
cultured cells (141). EndoN is highly specific for polySia and
requires a minimum DP of 5 to act. Higher DP 150-200 are
better substrates for EndoN than oligomers DP 10-20 (142).
Treatment with EndoN of purified or whole lysates is indicated
to confirm anti-polySia antibody specificity (23). The EndoN-
treated proteins can be analyzed by WB to confirm a weight shift
related to polySia; alternatively, the liberated glycan product can
be subjected to structural analysis. EndoN can also be incubated
in cell cultures in vitro to evaluate the functional roles of polySia,

as well as real-time fluorescence microscopy (143) and flow
cytometry (144). Injected EndoN has also been used in vivo to
evaluate the role of polySia (145).

POLYSIA IN THE INNATE
IMMUNE RESPONSE

The innate immune response is the body’s first line of defense
against pathogens entering the body. The innate immune
response uses different mechanisms to stop the spread of
infections such as mucous membranes, physical barriers,
defense cells, and proteins (4). Sia are essential epitopes which
have an important role in self-recognition and regulation of
immune system cells (7, 146). The polySia mediates cell-cell
interactions and promotes signaling through steric and
electrostatic exclusion, making polysialylated glycans key
participants in migration and inflammation (8, 82).
Additionally, polySia is considered as a recognition pattern and
immune regulator in the immune innate response (7). Further
research is required to fully elucidate the receptors through
which polySia acts, including the known interactions with DC-
SIGN and Siglecs. In this regard, the identification of Siglecs as
receptors for sialic acid-containing glycans, including polySia, is
quite interesting in view of their expression on most white blood
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cells and their critical role in immune cell signaling, as well as to
distinguish between self and non-self (147). PolySia is also
known to bind the myristoylated-alanine-rich C-kinase
substrate (MARCKS) expressed in neurons to modulate
neuritogenesis (148); interestingly, although MARCKS is also
expressed in neutrophils and macrophages, its interaction with
polySia in these cells has not been reported (149, 150).

Bone Marrow Hematopoiesis

PolySia has been detected in murine bone marrow (BM) cells and
myeloid precursors, using anti-polySia monoclonal antibody
(mAb) 735 and a green fluorescent protein (GFP)-fused and
inactive endoglycosidase N (EndoN-GFP), which binds
specifically to but does not cleave 02,8 polySia. PolySia was
detected on the surface of >60% of cells aspirated from the
murine BM, with ST8Sia 2 and ST8Sia 4 gene expression being
detected in BM cells (43). Nonetheless, ST8Sia 4 was shown to be
the one responsible for polySia synthesis of BM resident
populations and during myeloid differentiation as was
observed when the expression of polySia was conserved in BM
cells from ST8Sia 27~ mice and absent in cells from ST8Sia 47

Murine Bone Marrow

= Monocyte/
Seloid macropf\:;ge DCs
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p .:‘
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mice (43, 130) (Figure 2A). Further analysis of activity and
expression of ST8Sia 2 might help to explain the mechanism that
leads to ST8Sia 4 as responsible for polySia synthesis in BM cells.

Murine BM polySia expression has been correlated with
receptor tyrosine kinase c-kit (hematopoietic progenitor marker)
and defines four BM subsets from a common myeloid lineage:
polySia™/Kit"", polySia'®*/Kit"&", polySia""/Kit"e", polySia'®*/
Kit""). The polySia"*/Kit"®" subset contained hematopoietic stem
cells (c-Kit", Sca-1"), the polySia®*/Kit"" population, committed
multipotent progenitors (CD34%), and the polySia™&"/Kit"e",
polySia'®¥/Kit' " groups, immature, and mature myeloid cells,
respectively (130). In contrast to murine BM cells, human fetal
BM cells, myeloid cells, and peripheral myeloid precursors cells do
not express polySia. Differences between murine and fetal human
BM cells were attributed to the intrinsic polySia expression
variability during development (130).

Also, polySia has been detected in murine BM neutrophils
and monocytes/macrophages that express the myeloid lineage
markers CD11b (Mac-1) and/or Ly6 G/C (Gr-1). PolySia was not
detected on the surface of lymphocytes or erythroid cells. PolySia
was found to be controlled by expression levels of ST8Sia 4 and
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R
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FIGURE 2 | PolySia and polyST expression in innate immune cells. (A) In the murine bone marrow (BM), different myeloid progenitor cells, monocytes/macrophages,
neutrophils, and DC express polySia, ST8Sia 2, ST8Sia 4, NRP2, NCAM, or non-identified polySia proteins. (B) As they migrate into the peripheral blood, murine BM-
derived monocytes/macrophages and neutrophils lose polySia-NCAM. As the macrophages and neutrophils arrive at infection or inflammation sites, polySia is depleted
from the cell surface. (C) In the periphery, human macrophages and monocyte-derived cells express polySia and polySia carriers such as NRP2, NCAM, ESL-1, and
unknown proteins. Once monocytes differentiate into imMDC, they express polySia-NRP2 which in tum is upregulated during maturation to mDC. (D) Depletion of polySia
by using EndoN neuraminidase in mDCs promotes increased T cell activation. (E) NK cells overexpress polySia and ST8Sia 4 during differentiation into cytotoxic cells.
Chain length differentiates between non-cytotoxic and cytotoxic NK cells. (D) The depletion of polySia in mDC by using EndoN induces better activation and increased
proliferation of T cells, suggesting a role of polySia in regulation of T cell activation. (F) In the innate immunity of the CNS, microglia cells also express polySia. The
increase in polySia-NRP2 expression in the surface of microglia cells induces negative feedback on Golgi polySia-NRP2 localization and expression. The increase or
decrease of polySia expression with respect to the precursor state is indicated with red arrows (up or down, respectively). Created with BioRender.com.
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associated with cell surface NCAM, as well as to other unknown
polysialylated proteins in certain subpopulations of murine BM
monocytes (43).

During migration of murine BM cells, polySia is shed from
the surface of monocytes by cleavage of NCAM as they are
released from BM into the PB during early stages of monocyte
differentiation and completely lost when they localize in
pulmonary and peritoneal sites of inflammation (43)
(Figure 2A). This is probably due to metalloprotease-induced
ectodomain shedding that has been described in neurons (151).
Additionally, in ST8Sia 4" mice lacking polySia-NCAM that is
required for the mobilization of hematopoietic progenitors from
the BM to the thymus with lack of polySia causes retention in the
BM and improper access to the thymus for maturation (41).

Differently to murine BM monocytes/macrophages where
ST8Sia 2 and ST8Sia 4 are expressed, murine BM neutrophils
express only the ST8Sia 4 associated with the biosynthesis of
polySia-NCAM which is also progressively lost by protein
cleavage as they migrate from the BM to the PB and
completely lost when they localize in pulmonary and
peritoneal sites of inflammation (Figures 2A, B) (43). It has
been proposed that the regulation of polySia in monocyte
populations might be associated with discrimination of cells on
functional grounds or lineage commitment; however, the loss of
polySia could also allow migration by increasing the overall
negative charge, reducing cell-cell contact, and regulating the
differentiation and maturation of different cell subsets.

Dendritic Cells

The dendritic cells (DCs) present antigen to naive T cells at
specific intercellular junctions called immunological synapses
(152). Monocytes are precursors of peripheral non-lymphoid
organ DCs and migratory DCs under inflammatory conditions
(153). Maturation of DCs is associated with reprogramming of
the glycosylation machinery, especially sialylation (154).

NRP2 is a protein expressed by murine and human DCs and
known to be polysialylated (23, 43) (Figures 2A, C). Human
peripheral monocytes express both polySTs but do not express
polySia-NRP2. The de novo NRP2 protein expression and
polysialylation occur during differentiation into immature DCs
(imDCs) mediated by IL-4 and GM-CSF. The monocyte-derived
imDCs upregulate ST8Sia 2 and ST8Sia 4 polyST and increase
polySia expression (Figures 2A, C) (23). After LPS stimulation to
induce maturation of human imDCs into mDCs, ST8Sia 4 is
highly overexpressed while ST8Sia 2 remains at the same level as
imDCs. In human mDCs, polySia-NRP2 is exclusively
polysialylated on O-glycans by ST8Sia 4 (23, 46). Similarly, in
murine monocytes, the expression of polySia-NRP2 is regulated
during stages of differentiation/activation. As occurs in human
monocytes, murine BM-derived monocytes do not express
polySia-NRP2 that only occurs during their migration from
BM to PB (43)(Figures 2A, B). Interestingly, like human
mDCs, mouse BM-derived DCs express ST8Sia 4 and polySia-
NRP2 (23).

The TLR4 stimulation of monocyte-derived imDCs causes
the upregulation of ST8Sia 4 and polySia expression in

immunogenic mDCs, similarly to the effect caused by IL-4 and
GM-CSEF. Prolonged TLR-4 engagement though LPS stimulation
is required for the generation of polySia-expressing human
monocyte-derived mDCs, which is also required for the CCL21
capture and subsequent CCL21-mediated migration (155).
However, unlike monocyte-derived mDCs, monocytes, and
monocyte-derived immature mDCs do not overexpress polySia
or ST8Sia 4 after prolonged (2 days) LPS stimulation (155). Also,
the TLR4 stimulation of human monocyte-derived tolerogenic
mDCs does not cause polySia overexpression, although polySia
and ST8Sia 4 are expressed by these cells (155).

In NRP2"" mice, it has been observed that BM monocyte-
derived DCs also express polySia in NCAM, as well as other
unidentified carrier proteins (Figure 2A). Unlike NRP2, which is
upregulated during migration from BM to PB, polySia-NCAM is
downregulated in BM-derived monocytes (Figure 2B) (43).

The blocking of polySia in NRP2 with anti-polySia IgG or
digestion with EndoN to remove polySia from the cell surface of
DCs enhances their ability to activate T cells, suggesting that
polySia-NRP2 regulates the activation of T cells by DCs (23)
(Figure 2D). Also, the digestion with EndoN showed that
stimulation with CCL21 and phosphorylation of Akt and JNK
kinases are reduced when polySia is removed, indicating that
polySia is required for signaling of CCL21 through CCR?7. The
depletion of ST8Sia 4 by knockdown in DCs resulted in the
reduction of CCL21-mediated migration (156). Similarly, it has
been reported that CCR7 and CCL21 contribute to the migratory
capacity of DCs within the skin and to the lymph nodes (155).

PolySia also influences migration of imDCs located in the
periphery where they capture pathogens and migrate as mDCs to
draining lymph nodes to activate T cells. Migration of mDCs to
lymph nodes was abrogated in ST8Sia 47" mice (25).

CCR?7 is the central chemokine receptor controlling immune
cell trafficking to secondary lymphatic organs. There are data
that support that CCR?7 is polysialylated in murine BM-derived
mDCs and that this modification is essential for CCL21 ligand
recognition (25). HEK293 cells transfected to co-express CCR7-
GFP fusion protein and ST8Sia 4 showed polySia-CCR7, and
mutational analysis demonstrated that both N- and O- glycans
are associated with CCR7 polysialylation. Moreover, flow
cytometry by using the anti-polySia 735 monoclonal antibody
of murine BM-derived CCR7’"~ mDCs showed reduced
polysialylation in comparison to control DCs, suggesting that
additionally to NRP2, CCR? is also polysialylated (25). EndoN
digestion experiments in human mDCs could be conducted to
evaluate if CCR?7 is also polysialylated.

Noteworthily, SynCAM 1 (Necl2/CADMI1), a member of the
immunoglobulin superfamily of transmembrane glycoproteins,
mostly known as a neural synaptic adhesion molecule with
multiple functions, is also expressed in a specialized subset of
murine and human DCs, where it was shown to interact through
its extracellular domain with CRTAM (class I MHC-restricted T
cell-associated molecule), a receptor expressed in cytotoxic
lymphocytes to preserve epithelial integrity and required for
proper thymus development (157, 158). SynCAM 1 in DCs was
also found to regulate IL-22 expression by activated CD8" T cells
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(70, 72). SynCAM 1 has also been found to be expressed by mast
cells where it is involved in driving mast cell-sensory neuron
adhesion and promoting the development of a microenvironment
in which neurons enhance mast cell responsiveness to antigen
(73). SynCAM 1 on tumors has also been shown to interact with
CRTAM, promoting cytotoxicity of NK cells and interferon-
gamma secretion by CD8" T cells in vitro as well as NK cell-
mediated rejection of SynCAM 1-expressing tumors (159). Also, it
has been shown that epithelial to mesenchymal transition (EMT)
induced SynCAM 1 expression, regulating NK-mediated,
metastasis-specific immunosurveillance in balance with E-
cadherin (160). However, despite these important functional
observations, the polysialylation of SynCAM 1 has not been
evaluated in DCs or in the context of interactions with other
types of immune cells.

NK Cells

The NCAM protein is used as a marker for NK cells and their
subpopulations; however, the function of polySia-NCAM on NK
cells is still not clear. Mature human NK cells are divided into 2
subsets based on the relative surface density of the NCAM
antigen: NCAMP®® cells, predominantly found in secondary
lymphoid tissues, and NCAM"® cells, predominant in PB
(161) (Figure 2E). Differently to the observations in human
cells, adult murine NK cells do not express ST8Sia 4 or polySia,
with polySia and NCAM expression being restricted to
multipotent hematopoietic progenitors and cells derived from
the myeloid lineage (130). However, fetal mouse BM-derived NK
cells do express polySia, although polyST expression has not
been evaluated (130).

In human peripheral NK cells, polySia biosynthesis was found
driven by ST8Sia 4 as no expression of ST8Sia 2 was detected (37,
38). The short- (DP 1-10) or medium- (DP 11-140) length
polySia chains on NCAM are characteristic of active cytotoxic
NK cells, while larger chains (DP 141-370 +) are expressed by
cytotoxic inactive NK cells (Figure 2E) (130).

Weakly polysialylated NCAM in NK cells binds in trans-
homophilic interaction with DC-SIGN and plays a very
important role in the fate of DCs. This interaction inhibits
homotypic intercellular interactions of NCAMP®® cells and
protects DC-SIGN-expressing DCs against NCAMP*® cell-
mediated cytotoxicity (40).

PolySia-NCAM in NK cells also interact with polySia-NCAM
expressed by tumor cells. The CRISPR-Cas9 deletion of NCAM
in the NK cell line NK-92 showed a reduction in killing of
NCAM" tumor cells (162). Also, the loss of NCAM protein
reduced cytotoxicity and lytic granule exocytosis (163). These
data strongly support that polySia and NCAM are implicated in
the regulation of NK cell cytotoxicity.

Recently, the expression of ST8Sia 4 and polySia expression
were evaluated in human peripheral NK cells and different NK
cell lines under the activation of IL-2. Upon activation, there was
no change in ST8Sia 4 expression; however, polySia expression
increased, and this was explained by increased NCAM
expression (38, 162) (Figure 2E). Despite the relevance of
polySia in the function of NCAM in other cells, the specific

function of polySia in the NCAM of NK cells has not
been evaluated.

Microglia and CNS Immune Response
Under homeostatic conditions, the adaptive immune response of
the CNS is very limited, and the innate immune response
depends on endogenous brain cells, in particular the microglia.
Microglial cells play a pivotal role in brain development,
maturation, and homeostasis by responding to infection,
trauma, or other pathological conditions, transforming into
macrophage-like cells with a professional innate immune
defense function that can be regulated by sialylation (164-166).
Sialic acids maintain the homeostasis of the CNS innate immune
response by inhibiting complement, including microglia via
Siglecs and other receptors (167).

Polysialylated NCAM has been studied mainly in the
development of the nervous system, particularly in neuronal
processes such as migration, cytokine response, and
differentiation dependent on cell contact (168). Due to these
characteristics, it is not surprising that polysialylated molecules
also participate in immunological processes (130).

Several studies have used the NCAM”" mice as a model to
evaluate the role of polySia-NCAM in different functions such as
neuronal connectivity, plasticity, and migration (169). In the
microglia context, the role of polySia in NCAM™" mice has also
been evaluated (170). The NCAM interaction modulates the
activation of microglia, and it is responsible for homophilic
binding in microglial immune response through production of
nitric oxide (NO) and TNFa (171, 172).

Residual polySia signals in the brain of NCAM”™ mice
indicated the presence of alternative polySia carriers (173). In
murine NCAM ™'~ microglial cells, polySia was found to be carried
by both NRP2 and ESL-1 and synthetized by ST8Sia 4
(Figure 2F). In the case of NRP2, it has been identified to be
present in O-glycans. Golgi-localized polySia-NRP2 and polySia-
ESL-1 appeared during injury-induced activation of murine
microglia, and inflammatory activation by stimulation with
LPS caused their translocation to the cell surface with
subsequent depletion by ectodomain shedding (24, 143). The
same mechanism was found in the differentiation of human
THP-1 monocytic cells into macrophages, where polySia in
NCAM disappears, but polySia-ESL-1 and polySia-NRP2 are
detected in the Golgi and depleted upon proinflammatory
activation with LPS, but not through anti-inflammatory
activation induced by IL-4 (Figure 2F) (24).

In a model of traumatic brain injury, Golgi retention of polySia
proteins was found abrogated by calcium depletion of the Golgi
compartment that induced the translocation and rapid depletion of
polySia from the Golgi to the cell surface (66). Additionally,
depletion of the microglia cell surface polySia occurred through
ectodomain shedding induced by metalloproteinase activity,
although other reports indicate that it is mediated by exovesicular
Neul neuraminidase (175). The polySia degradation was shown to
cause liberation of the neurotrophic factor BDNF that polySia binds
(175). The liberated BDNF from polySia chains would supply this
and other neurotrophic factors to injured tissue.
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Also, soluble polySia has been proposed to participate in the
negative feedback regulation of proinflammatory microglia
activation as it attenuates NO production of LPS-induced stem
cell-derived microglia and reduced TNFo. and IL-13 mRNA
levels. LPS-induced NO production of NCAM-deficient
microglia increased by the additional deletion of ST8Sia 4, that
is, by the inability to produce polysialylated NRP2 or ESL-1 (24).
This negative feedback has been proposed to occur through
human Siglec-11 interaction or glutamate receptor function (170,
176). In the case of mouse microglia, this had not been observed
in view that the inhibiting Siglec-11 has no mouse orthologue.
Nonetheless, it was recently shown that this effect was mediated
by trans interaction with murine Siglec-E, a mouse orthologue of
human Siglec-9, expressed in the myeloid lineage (177). CRISPR/
Cas9-mediated Siglec-E knockout led to a strong LPS response
and failed in preventing inhibition of proinflammatory
activation by exogenous polySia (66).

According to a study on Parkinson’s disease, the administration of
intraperitoneal polySia in humanized Siglec-11 transgenic mice
showed neuroprotective properties after repeated injections with
LPS, indicating that polySia is a potential drug candidate for
preventing Parkinson’s disease-associated inflammation and
neurodegeneration. Brain transcriptome analysis showed increased
levels of immune-related genes that prevent exacerbated immune
responses as well as the loss of dopaminergic neurons in the
substantia nigra pars compacta induced by LPS (178).

Taken together, these data show that polySia has a potential
anti-inflammatory function in brain microglia, particularly
through interaction with the Siglec-11 receptor, regulating the
signaling inflammatory responses and retaining the microglial
homeostasis. Nonetheless, these results must be taken cautiously
as they are derived from mice that present a more restricted
expression of Siglec members, 9 compared to 14 in humans.
Specifically, the humanized Siglec-11 transgenic mice do not co-
express the human Siglec-16, the paired activating receptor of
Siglec-11.

Upon engagement of Sia-containing ligands, inhibitory Siglecs
such as Siglec-11 recruit cytoplasmic tyrosine phosphatases SHP1/2
to their ITIM domain to deliver inhibitory signal(s) that modulate
and counteract immune responses. Therefore, the available data
point out to polySia using Siglecs to establish a negative feedback
regulation of the immune response. The human Siglecs known to
bind polySia include the inhibitory Siglec-9 and Siglec-11 (179,
180). Other inhibitory Siglecs known to recognize 02,8 Sia glycans
in the form of disialic acid include Siglec-5 and Siglec-7, although
there are no data regarding their binding of polySia (181).

It is thought that because certain pathogens developed
mimicry to evade the immune response by engaging inhibitory
Siglecs, Siglecs with activating signaling potential evolved, such
as human Siglecs-14 and 16, in which the ITIM/ITIM-like
intracellular domains are replaced with an immunoreceptor
tyrosine-based activation motif that recruits the activating
adapter protein DAP12 (147). Certain inhibiting and activating
Siglecs function as paired receptors and are typically expressed
together; such is the case of Siglec-5 and Siglec-14 and Siglec-11
and Siglec-16 (182). It is important to note that although no

polySia binding has been identified in activating Siglecs, Siglec-
14 and 16 are known to recognize 0.2,8 Sia glycans in the form of
disialic acid (183, 184).

Therefore, the role of therapeutic polySia and its signaling
through Siglecs must be further analyzed in the context of the
inhibiting and activating responses that occur in human
physiology, particularly considering that these responses,
compared to murine Siglecs, are very probably more complex.

Neutrophils and Macrophages
Neutrophils are polymorphonuclear and phagocytic leukocytes
of the innate response that act against pathogens; they are also
important effector cells during tissue injury-induced
inflammation (185). Murine BM-derived neutrophils have
surface expression of polySia-NCAM associated with ST8Sia 4
activity (43). Like murine monocytes, during the exit and
migration from BM, neutrophils lose the expression of polySia-
NCAM until its complete depletion once they reach the alveolar
and peritoneal sites of inflammation (43) (Figures 2A, B). The
relevance of polySia-NCAM depletion during migration has not
been evaluated; however, loss of polySia could have a similar
effect to the loss observed when Sia was cleaved by sialidase
treatment, improving adhesion and migration of neutrophils (65).

As occurs with the BM-derived monocytes and neutrophils,
BM-derived macrophages decrease polySia surface expression
during migration. Neutrophils and macrophages lose polySia
when they migrate from the BM into the PB and then to
pulmonary and peritoneal sites of infection or inflammation
(43). When peritoneal macrophages were induced in vitro to
repolysialylate by inducing a more quiescent state of activation,
polySia was re-expressed and found to be carried by NRP2 and
other unidentified proteins. Also, EndoN treatment for polySia
removal from monocytes, as they mature into macrophages in
vivo during recruitment to inflammatory sites, improved
phagocytic activity of the Klebsiella pneumoniae pathogen,
indicating that progressive loss of polySia during migration to
inflammation sites is necessary for efficient phagocytosis (43).

Murine peritoneal macrophages express CD36 and Siglec-E.
In murine macrophages, CD36 is a highly glycosylated protein
that mediates the modified low-density lipoprotein (LDL) uptake
(186). Both CD36 and Siglec-E interact during oxidized LDL
(oxLDL) uptake in macrophages (187). The interaction leads to
downregulation of CD36 signaling regulating in the uptake of
oxLDL, which in turn promotes foam cell formation that
participates in atherogenesis (188). Sialidase treatment showed
that Sia is not required for Siglec-E and CD36 interaction but is
required for CD36 SHP-1/VAV signaling involved in LDL
uptake, through unknown membrane components (187). The
CD36 protein is also found in mammalian milk where it is
reported to be polysialylated; however, although CD36 in
macrophages was found to be predominantly modified by
02,6-linked sialylation, polysialylation has not been evaluated
(18, 189).

In the context of infection, the ST8Sia 4-coding gene was
found upregulated in human monocyte-derived M2-like-
polarized macrophages infected with human rhinovirus (RV), a
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single-stranded RNA virus, that causes asthma exacerbation
(190). The role of the increased ST8Sia 4 or the presence of
polySia has not been investigated during RV infection; however,
the authors suggest the potential role of the upregulated genes in
the polarization to the M2-like phenotype enhancing the RV-
induced type 2 cytokine expression (190).

As mentioned in previous sections, polySia has been found to
be a negative feedback regulator of the immune response, a finding
with therapeutic implications for diseases such as Alzheimer’s
disease. The polySia with an average DP of 20 (polySia avDP 20)
promoted anti-inflammatory functions in human THP-1
macrophages through its interaction with Siglec-11, inhibiting
the LPS-induced gene transcription and protein secretion of
TNESF2 and preventing the oxidative burst associated with
phagocytosis of Alzheimer’s disease-associated fibrillary
amyloid-f; 4. In addition, polySia avDP20 neutralized the LPS-
triggered increase in macrophage phagocytosis, showing that
polySia DP is relevant for determining the biological effect (191).

Also, the development of polySia-coated nanoparticles
demonstrated that polySia binds to histones in NET fibers. The
release of histones may be intentionally triggered to the cell
surface during apoptosis or to the extracellular fluid during
NETosis, a regulated form of neutrophil cell death that
contributes to the host defense against pathogens through
formation of neutrophil extracellular traps (NETSs), which
consist of modified chromatin decorated with bactericidal
proteins (192, 193). Extracellular histones have cytotoxic
properties because they are procoagulant and proinflammatory
and are also toxic for mammalian epithelia and endothelia,
contributing to the microvascular dysfunction observed in
sepsis and autoimmune diseases (194, 195).

PolySia would have a role in protecting endogenous cells against
histone-mediated cytotoxicity on the basis that application of
polySia decreases the bactericidal function of histones (196). The
polySia chains of secreted NCAM were shown to neutralize the
cytotoxic activity of extracellular histones as well as DNA/histone-
network-containing “neutrophil extracellular traps,” which are
formed during invasion of microorganisms. The interaction of
polySia with histones appears to be improved with increased DP,
showing better binding with DP 24-32 and 32-38 in comparison to
shorter DP; also, both DP 24-32 and 32-38 improve the migration
to distance of histones through binding to polySia, which could
impact the cytotoxic function of histones. Similarly, low polySia of
DP 15-24 does not influence the migration but does participate in
cytotoxicity (197).

NETs are also loaded with lactoferrin that forms a shell
around neutrophils, suppressing the release of NETSs. Recent
evidence suggests that polySia binds not only to histones but also
to lactoferrin of NETs and that the expression of polySia
regulates the accumulation of external lactoferrin, regulating
the formation of NETs by neutrophils (198).

The regeneration of tissue after application of exogenous
polySia has been previously studied in the CNS for potential
therapeutic use, evaluating the role in axonal growth of polySia
(199). Polysia is upregulated in the murine CNS during
transplantation of polySia-overexpressing Schwann cells,

improving regeneration after spinal cord injury (200). The
intravitreal application of polySia with avDP 20 in a macular
degeneration laser-damage murine model reduced mononuclear-
phagocyte activation and tissue damage as well. PolySia avDP 20
prevented membrane attack complex (MAC) deposition in wild-
type and in humanized Siglec-11 transgenic mice. In vitro, polySia
inhibited the reactivity of mononuclear phagocytes, preventing
TNF-o, VEGF-A, and superoxide production, but also via Siglec-
11 receptors interfering with activation of the alternative
complement system and preventing the phagocytosis-associated
oxidative burst (201). Siglecs expressed by mononuclear
phagocytes recognize Sia as a self-associated molecular pattern
(SAMP) functioning as sensors for “self” (202). As mentioned
previously, these results derived from humanized transgenic mice
must be taken cautiously as they do not include the co-expression
of Siglec-16, the paired activating receptor of Siglec-11.

5 POLYSIALIC ACID ROLE IN THE
ADAPTIVE IMMUNE RESPONSE

The adaptive immune system takes over if the innate response is
not able to clear and destroy pathogens. The adaptive response
acts through cytokine mechanisms where effector, cytotoxic,
plasmatic, and regulatory cells orchestrate the response. Sia is
involved in the regulation of B and T cell maturation,
differentiation, migration, and cell survival or cell death fate
(203, 204). The presence of polySia has only been characterized
in T cells, but not B cells.

Sia is actively involved in pathogen recognition through
interaction with glycan-binding proteins and in regulating key
pathophysiological steps within T cell biology such as T cell
development and thymocyte selection, T cell activity and
signaling, and T cell differentiation and proliferation (205). These
roles highlight the importance of Sia as a determinant of either self-
tolerance or T cell hyperresponsiveness which ultimately might be
implicated in the creation of tolerogenic pathways in cancer or loss
of immunological tolerance in autoimmunity (202, 203).

Although both ST8Sia 2 and ST8Sia 4 are expressed in BM
hematopoietic precursors (and in both primary and secondary
human lymphoid organs), the expression and regulation of polySia
have been poorly investigated in association with the adaptive
immune response. ST8Sia 2 expression has been identified in the
adult human thymus, while ST8Sia 4 is abundantly expressed in
primary and secondary lymphoid organs such as the placenta,
spleen, thymus, intestine, and the PB (206).

The T cell progenitors are produced in the BM and mobilized
to the periphery at regular intervals by signals to reach the thymus
where they mature. The ST8Sia 47~ mice show a reduction in total
thymocytes and a concomitant deficiency in the earliest thymocyte
precursors in comparison to multipotent hematopoietic
progenitors derived from wild-type ST8Sia 4 mice with normal
polySia synthesis (41). In vivo reconstitution of polySia expression
in ST8Sia 47~ hematopoietic progenitors showed that defective T
cell development is caused by improper access to the thymus
(Figure 3A) (41). These results suggest that the observed defect in
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thymocyte development is not due to abnormalities in T cell
development, but is related to the inability of these polySia-
negative cells to exit the BM and travel to the thymus (41).
Because of its increased size, steric hindrance, and negative
charges, polySia has been identified as an anti-adhesive molecule
(207), modulating the distance between cell-cell interaction of
cell-epithelia heterotypical or homotypical interaction. This can
explain why BM cells that do not express polySia in ST8Sia 47~
mice are unable to modulate the interaction in the BM niche,
creating an inefficient exit of BM cells and migration to
the thymus.

During maturation in the thymus, T cells suffer phenotypic
and functional changes derived from thymic environment
interaction (208). The interaction of the thymocyte with
different surrounding cells determines the fate of their
differentiation and maturation, as well as the exit from the thymus.

PolySia is a key regulator of cell-cell contact, and as is mentioned
above, ST8Sia 4 is responsible for polySia synthesis in
hematopoietic precursors. According to the immunological
genome project database, ST8Sia 4 is downregulated during the
development and maturation of thymocytes, in agreement with
observations where polySia is upregulated during differentiation
and maturation to generate egress from the BM, requiring
downregulation to promote thymic retention (67, 209).

Newly generated peripheral T cells designated as recent
thymic emigrants (RTEs) continue post-thymic maturation in
secondary lymphoid organs to become long-lived naive T cells
(210). The increase in Sia expression on the cell surface glycans
after maturation is a signature of thymocyte maturation
(Figure 3B). Cre-NKAP”" mice (NKAP is a transcriptional
repressor that binds to histone deacetylase 3 required at several
points in hematopoiesis) fail to complete T cell maturation
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for maturation into T cells. (B) Hematopoietic progenitors mature in the thymus where they differentiate into immature thymocytes which in turn express polySia
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because RTEs are eliminated by the complement system (211).
Defective 02,8 sialylation occurs in NKAP”" T murine cells
because of downregulation of ST8Sia 1, ST8Sia 4, and ST8Sia 6
(Figure 3C). Apparently, 02,8 sialylation is critical in RTEs to
avoid complement fixation and removal (211).

After maturation, naive T cells need to be activated in the
secondary lymphoid organs such as lymph nodes, spleen, and
Peyer’s patches. During activation, T cells must receive two signals,
firstly from an antigen-presenting cell (APC) via the immunological
synapse, initiated by the TCR recognition of an antigen peptide
displayed on the MHC of an APC (212), and secondly from a
costimulatory binding mediated by CD28 on T cells and CD80/
CD86 ligands on the APC (213). In this context, T cell activation is
regulated by the concentration and affinity of antigen, duration of
antigen stimulation, and the costimulatory signals and the cytokine
environment present at the time of antigen presentation, as well as
glycosylation changes, including sialylation (214).

The expression of Sia has been studied in different cell subsets
of peripheral T cells and B cells. Previous observations of Sia
changes during activation of human peripheral and murine
splenocytes showed 02,3 and 02,6 Sia hyposialylation, because
of the downregulation of ST3 and ST6 STs (67, 215, 216). This
hyposialylation on both CD4" T and CD8" T cells has been
associated with induction of apoptosis to regulate the
homeostasis of these cell populations (217). It is important to
remark that murine resting CD8" T cells express ST8Sia 4 which
is downregulated after activation; however, the expression of
polySia has not been evaluated in these cells (67).

The hyposialylation of 02,3 and 02,6 Sia linkages during
activation of peripheral human naive CD4" T cells was found to
be accompanied by global cell surface sialylation at the expenses of
02,8 Sia (60). During activation of CD4" T cells, ST8Sia 2 and
ST8Sia 4 were found to be upregulated and no expression of ST8Sia
3 was observed (60). The upregulation of ST8Sia 2 and ST8Sia 4
upon activation increased polySia expression in a subpopulation of
human peripheral naive CD4" T cells (Figure 3D) (144). In mice,
the activation of CD4" T, CD8" T cells, and B cells induces the
downregulation of ST8Sia 4; however, the expression of polySia has
not been evaluated (67).

The expression of polySia in human CD4" T cells was associated
with different unknown protein carriers. Additionally, the cell
surface expression of polySia in resting naive CD4" T cells
occurred in a clustered pattern, which dispersed after activation
(144). The knockdown of both ST8Sia 2 and ST8Sia 4 in human
resting naive CD4" T cells exacerbated the expected overexpression
of IL-2, IL-2R, and IFN-vy genes after anti-CD3/CD28 activation,
indicating that polySia glycoconjugates participate in the negative
regulation of the activation response of human peripheral CD4" T
cells (Figure 3D) (144). Differences occur between these
observations and reports in murine splenocytes where activation
of CD4" T and CD8" T cells with anti-CD3 plus IL-2 or of B cells
with anti-IgM plus IL-4 causes downregulation of ST8Sia 4 (67)
(Figure 3E). Furthermore, the presence of polySia in murine T cells
or B cells has not been reported, limiting the comparison between
these two models.

The expression of NCAM has been detected in ¥0 T cells.
Although these cells represent less than 5% of all T cells, they act
as a first line of defense in the skin, gut, and reproductive tract
while other lymphocytes are still being developed, performing
distinct roles in pathogen clearance, wound healing,
autoimmunity, and cancer, supporting the functions of DC, T
cells, and NK lymphocytes through both innate and adaptive
properties including antigen-presenting capabilities (218). The
proportion of NCAM" y8 T cells appears to be determined by
their level of activation. NCAM" v8 effector T cells produce large
amounts of IFN-y after stimulation and are more resistant to
apoptosis. Additionally, NCAM expression is stronger in
proliferating cells and gradually disappears with the number of
cell divisions. Thus, NCAM expression is considered to define
the ¥ T cells with the highest antitumor activity (219). The
antibody-mediated blocking of NCAM or removal of polySia
chains in NCAM" ¥ T cells reduced cell proliferation and caused
lower lytic effector activity (220, 221), although further
investigation is required to understand the role of polySia in
the antitumoral function of NCAM™ y3 T cells.

DISCUSSION

Although most of what we know about the biological roles of
polySia has originated from its study in the CNS, and particularly
from NCAM, this review shows that different types of cells of the
immune system express polySia in NCAM but also in different
protein carriers, known and unknown. The accumulated
evidence in both innate and adaptive immune cells reveals that
polySia is a key regulator of immune cell biology, from
hematopoiesis to effector functions, something that is not
unexpected from a polymer with such potent biophysical
characteristics and that has already been characterized to be
dynamically modulated during CNS development.

The use of anti-polySia antibodies has proven very valuable to
approach the identification of polySia in cells; nonetheless, it is also
important to advance toward a more specific structural
characterization of polySia, particularly DP, as length chain also
determines the biological information encoded by this glycan
polymer. Most of the studies included in this review address the
expression of polySia using specific antibodies, but a limited
number have determined the DP composition of polySia. It is
important to consider thatas DP is linked to ST8Sia 2 and/or ST8Sia
4 activity, it would also be subject to dynamic regulation, resulting in
heterogeneity at different stages of cellular differentiation and
activation that could be part of an additional fine-tuning of the
immune response, including differences at the level of the human
population. It is therefore important to apply combinatorial
techniques for a more precise structural analysis of polySia.
Additionally, although ST8Sia 3 has polySia synthesis activity that
is apparently limited to autopolysialylation, it is important to
evaluate its expression and potential role on polySia synthesis
along with the ST8Sia 2 and ST8Sia 4, particularly among the
diversity of immune cell types where the role of this enzyme has not
been thoroughly studied.
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Although the functional relevance of polySia has been clearly
demonstrated in all the immune cell types where it has been found,
more is needed to identify its cis- and trans- ligands. The interaction
of polySia with members of the Siglec family in different immune cells
is very promising to identify signaling pathways as has been shown
for microglial cells and macrophages that act through interaction
with Siglec-11, inhibiting microglial activation, inflammation,
phagocytosis, and oxidative burst (146). Additionally, the
identification of the signaling pathways of polySia, particularly
involving inhibiting Siglecs, also paves the way to developing
polySia-based therapeutics, particularly through its anti-
inflammatory properties. However, further research needs to
address the net effect of paired inhibiting and activating Siglec
receptors to truly model the complexity of Siglec signaling.

Although polySia has been mostly characterized in the cell
surface, studies in microglia indicate that intracellular polySia
dynamics associated with retention and release is a mechanism
linked to changes in ionic concentrations (Ca**, Mn>*, and Mg*")
that influence polySTs activity. This is very important in
understanding polySia dynamics in immune cells where ionic
concentration also fluctuate and are of key importance during
activation (118, 222). It is therefore critical to address both cell
surface and intracellular polySia expression to fully comprehend
the involved regulatory mechanisms. This can also be extended to
phosphorylation mediated by protein kinase C that regulates
signal transduction pathways important for both innate and
adaptive immunity and that is known to positively regulate the
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A systematic exploration in all human immune cells of the
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Synovial fibroblasts have emerged as critical underlying factors to perpetuate chronic joint
inflammation in Rheumatoid Arthritis. Like any other cell, synovial fibroblasts are covered
with a complex layer of glycans that can change in response to extracellular signals, such
as inflammation. We have previously shown that inflammatory synovial fibroblasts show
decreased levels of sialic acid, but our understanding of sialic acid-dependent
pathophysiological pathways in these stromal cells is still very limited. In this report, we
used in vivo and in vitro studies with exogenous sialidases and RNA sequencing to
investigate the responses of murine synovial fibroblasts upon desialylation. Our results
show that hyposialylated fibroblasts present a dysregulated migratory ability and an
activated phenotype characterized by the expression of inflammatory mediators, such as
cytokines and chemokines, and anti-viral related mechanisms. Removal of surface sialic
acid also affected the expression of sialyltransferases, revealing the existence of a positive
feedback to sustain reduced sialylation. Moreover, we demonstrate that synovial
fibroblasts subsets have distinct sialyltransferase expression profiles, both in healthy
and arthritic mice. These findings underline the ability of sialic acid to modulate
homeostatic and inflammatory responses in non-immune synovial fibroblasts,
suggesting that sialylation plays a key role in perpetuating local inflammation in the
arthritic joint.

Keywords: synovial fibroblast (FLS), sialic acid, glycoimmunology, rheumatoid arthritis, inflammation,
migration, cytokines

INTRODUCTION

Rheumatoid Arthritis (RA) is an autoimmune joint condition that causes pain, swelling and stiffness
in the joints, the result of an ongoing chronic inflammatory process. Inflammation is however an
essential defensive instrument of the human body, starting protective responses and subsequent
healing processes to restore tissue homeostasis. Dysregulation of these mechanisms lead to a
persistent inflammatory phenotype characteristic of chronic RA, whose primary target is the joint
synovium, the soft tissue that lines the inner surfaces of diarthrodial joints. In health, this membrane
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nourishes the cartilage and bone tissue. Nonetheless, the synovial
membrane becomes noticeably thicker in RA promoting
immune cell infiltration and cartilage and bone damage (1).
Genetic, epigenetic, and environmental factors can contribute to
disease initiation (2) but specific mechanisms are still unclear.
Equally importantly, we still do not fully understand why
inflammation persists in RA, although recent research in the
field of stromal immunology has shown that non-immune cells
such as Synovial Fibroblasts (SFs) play a critical role in
perpetuation of RA. SFs are a basic part of the synovium and
they become activated during inflammatory arthritis, secreting
cytokines, such as IL-6, GM-CSF and chemokines like Cxcl10,
Ccl2, IL-8 that attract macrophages, neutrophils and
lymphocytes (3-6). SFs also support ectopic tertiary lymphoid
structures to continue aberrant immune responses in the
joint (7). These recruited immune cells increase the local
concentration of TNFq, IL-1B or IL-17, that continue to
promote SF activation (8-10) generating pathogenic self-
perpetuating inflammatory loops. Furthermore, SFs become
hyperproliferative, migrate to bone and cartilage inducing
tissue damage, secrete matrix-degrading enzymes and RANKL
and promote local angiogenesis upon VEGF secretion (11-13).
Interestingly, recent findings based on single cell RNA
sequencing have demonstrated the existence of distinct SFs
subsets with specific anatomical location within the synovium
and non-overlapping effector functions (14, 15). For example,
FAP0+CD90+ SFs found in the sublining synovium lead the
immune effector function, whereas lining FAPo+CD90— SFs
drive cartilage destruction (16). Nevertheless, there is still a
lack of clinical targets to intervene SFs in the clinic.

Loss of inhibitory or regulatory signalling is a critical
mechanism to trigger autoimmunity and chronic
inflammation. At the heart of many of these signals is the cell
glycome, which comprises the entire pool of glycans found at the
cell-cell interface. The outermost monosaccharide decorating
glycans in humans is usually a molecule belonging to the Sialic
Acid (SA) family. Given its location, negative charge and
hydrophilicity, SA modulates a wide variety of pathological
processes. An increasing body of evidence supports the
hypothesis that SA acts an immune check-point (17), as high
SA levels can deliver anti-inflammatory or tolerogenic signals,
whereas low concentration of SA is linked to inflammation.
Corroborating this theory, multiple cancer cells overexpress
02,3, 02,6, and 02,8 linked SA to evade immune responses,
inhibiting NK, T and B cells via SA-Siglec signalling (18). On the
other hand, deficiency of CD22 (Siglec-2) and Siglec G leads to
hyperactivated B cells and autoimmunity (19, 20), including
exacerbation of experimental arthritis and lupus (21). Besides,
activation of TLR-NFxB-mediated responses in immune cells
appears to be associated with a reduction of SA on the cell surface
upon sialidase activity (22-25). This agrees with our previous
results, where we have shown that TNFo-mediated down-
regulation of 02-6 sialylation is a hallmark of activated SFs in
experimental arthritis (26). In this report, we first describe the
sialylation pathways associated to distinct SFs subsets in healthy
and arthritic mice. Second, we investigate the responses of

murine SFs upon in vitro cell surface desialylation,
hypothesising that enzymatic removal of sialic acid in healthy
SFEs cell surface would trigger intracellular signalling to initiate
inflammatory responses. Our data indicate that desialylated SFs
rapidly adopt a phenotype reminiscent of the SFs found in the
arthritic joint, characterised by enhanced cell migration,
activation of NFkB-mediated pathways and antiviral responses.
Interestingly, removal of SA also modulates mRNA expression of
the sialyltransferases ST6Gall and ST3Gal3, suggesting that
environmental or temporal changes affecting SA content may
be perpetuated in time to consolidate local inflammation.

METHODS
Ex Vivo Culture of SFs

Isolation and ex vivo expansion of murine SFs was done as
previously described (27). Briefly, paws were harvested from
mice, skin and soft tissue were removed, synovial tissue was
dissected and digested with type II collagenase (1 mg/ml; Sigma
#C6885) for 80 minutes at 37°C. Samples were vortexed
vigorously to release cells and centrifuged. For ex vivo
expansion, cells were resuspended in DMEM (#21969-035)
supplemented with 10% fetal calf serum (FCS; #10270106), 1%
penicillin and streptavidin (#15140122), 1% L-glutamine
(#25030-024) and 1% NEAA (#11140-035, all from Invitrogen,
UK) and cultured in 5% CO2 at 37°C for 24 hours, when culture
medium was replaced. Media was changed twice a week and the
cells were passaged at 90% confluence using trypsin-EDTA
(Invitrogen, #25300-054). Prior to experimental setup,
expression of Podoplanin (PDPN, Biolegend, #156204) and
CD11b (Invitrogen, #11-0112-85) was assessed by flow
cytometry. Myeloid CDI11b+ cells were labelled with
biotinylated anti-CD11b antibody (Biolegend, #101204) and
subsequently depleted using Streptavidin magnetic MicroBeads
(MACS Miltenyi Biotec, #130-090-485). For in vitro cytokine
stimulation, recombinant IL-1B was used at the indicated
concentrations for 6 hours in cDMEM.

Collagen-Induced Arthritis (CIA)

Mouse Model

8-10 weeks male DBA/1 mice were purchased from Envigo (UK)
and maintained in the Biological Services Unit of University of
Glasgow in according to the Ethics Review Boards (AWERB) of
University of Glasgow and the Home Office UK licences PIL
IF5AC4409 and PPL P8C60C865. Mice received 100 pg of
chicken type II collagen (MD Bioproducts #804002-Sol)
emulsified with an equal amount of complete Freund’s
adjuvant (CFA, MD Bioproducts #501009) on day 0 via
intradermal injection above the tail base. On day 21, mice were
injected intraperitoneally with 100 pg collagen in PBS. Mice were
monitored every two days for body weight, paw thickness and
clinical scores. Clinical scores were assigned according to clinical
signs, using a scale from 0 to 4 for each paw. An overall score
exceeding 10 or weight loss exceeding 20%, paw thickness
exceeding 4.5 mm or more than three inflamed paws was
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considered as an experimental endpoint and the mouse was
immediately euthanized.

FACS Sorting of SFs Subsets

Cells from mouse synovium were obtained as described above for
cell culture, with the addition of DNase I (1 mg/ml; Sigma
#DN25) during collagenase digestion. Cells were then
resuspended in red cell lysis buffer for 3 min at room
temperature, and red cell lysis was stopped by adding 20 ml of
cold PBS. Cells were then centrifuged and stained with flexible
viability dye eFluor 780 (Invitrogen #65-0865-14) at 1 ug/ml in
PBS for 20 min on ice to discriminate live and dead cells. FC
receptor was blocked using CD16/CD32 specific antibody
(Invitrogen, #14-0161-85) for 20 min on ice. Cells were then
incubated with primary antibodies or isotype controls at 1 pg/ml
in FACs buffer (PBS 1%FBS 2 mM EDTA) for 20 min at 4°C.
Antibodies used were: anti-CD31PE (Invitrogen, #12-0311-81),
anti-CD45-PE (Biolegend, #103106), anti-CD90-FITC
(Biolegend, #105316), anti-PDPN-A647 (Biolegend, #156204),
anti-rat IgG2b-PE (BD bioscience #25393), anti-rat IgG2a-PE
(Biolgend, # 400508), anti-rat IgG2b-FITC (Biolegend #400634)
and anti-rat IgG2a-APC (Biolegend, #400512). Cell sorting was
performed using FACS Aria III or FACS Aria ITu (all from BD),
data were analyzed with FlowJo software 10.7.1.

Desialylation of Synovial Fibroblasts

In Vitro

To hydrolyse sialic acid, SFs were cultured until reaching 90%
confluence. Cells were washed three times with cold PBS and
incubated for 1 hour with 100 mU Neuraminidase from
Clostridium perfringens (CP, Roche, #11585886001) diluted in
sialidase buffer (PBS: RPMI 1640 = 1:1, pH=6.8) or with sialidase
buffer only (negative control, NT). Cells were washed with cold
PBS prior to assessing the removal of sialic acid by lectin staining,
or washed and cultured with cOMEM 10% FCS for further RNA
extraction. RNA was isolated as explained below, and used for
RNA-Seq or RT-PCR experiments.

RNA Isolation and RT-qPCR

RNA from SFs was isolated using either RNeasy Micro Kit
(Qiagen #74004) or EZ-10 RNA Mini-Preps Kit (Bio Basic
#BS88136) according to the manufacturer’s instructions.
Reverse transcription was performed using High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific
#4368814) and RT-qPCR was performed using TaqMan'"
Gene Expression Assay (Applied Biosystem). The expression of
actin mRNA was used as an endogenous control to normalise
samples. Tagman predesigned primers (Applied Biosystem)
were: Actb/Mm02619580_gl; IL-6/Mm00446190_m1; CCL2/
Mm00441242_m1; MMP3/Mm00440295_m1; MMP13/
MmO00439491_m1; TNFRSF11b/Mm00435454_m1; TNFSF11/
Mm0041906_m1; St6gall/Mm00486119_m1; St6galnac5/
MmO00488855_m1, St3gall/Mm00501493_m1; St3gal2/
Mm00486123_m1; St3gal3/Mm00493353_m1; St3gal4/
Mm00501503_m1, St3gal6/Mm00450674_m1; Myd88/
Mmo00440338_m1 and NFKBIB/Mm01179097_m1.

Cell Migration Assay

SFs (10%) were seeded in u-dishes (ibidi, #80466) coated with
fibronectin (R&D systems #1030-FN) until reaching 90%
confluence. U-dishes have a plastic insert that leaves a cell-free
gap when removed. Cells were allowed to grow in the gaps after
insert removal, and cell-free areas were measured after gap was
created (T0) and 24 hours later (T24). Following monitoring of
cell cultures, 24 hours was selected as our experimental time
point because it allowed sufficient cell migration to observe
biological differences without completely covering the cell-free
region. Cell migration was quantified by measuring the difference
in the width of cell-free region between T0 and T24, calculated
with Image] software.

Flow Cytometry

For proliferation studies, cells were labelled with 10 uM
proliferation dye eFlour 670 (eBiosciences, #65-0840-90) for 10
min on ice. Labelling was stopped by adding 4-5 volumes of
complete culture medium for 5 min on ice. Cells were then
subjected to flow cytometry analysis (day0) or maintained in
culture for additional 5 days prior to analysis by Flow Cytometry.
For lectin staining, Peanut Agglutinin (PNA, #B-1075),
Sambucus Nigra Lectin (SNA, #B-1305), Aleuria Aurantia
Lectin (AAL, #B-1395) and Maackia Amurensis Lectin II
(MAA, # B-1265-1), all from vector laboratories, were used.
Cells were blocked in carbon-free blocking buffer (vector
laboratories, #SP-5040) for 20 min on ice, and then incubated
with biotinylated lectins diluted in PBS containing 5% carbon-
free blocking buffer. Lectins were then detected with FITC-
conjugated streptavidin (Biolegend, #405201), Alexa Flour 647-
conjugated streptavidin (Biolegend, #2068269) or PE-conjugated
Streptavidin (Biolegend, #410504) in PBS for 20 min at 4°C. To
differentiate between live and dead cells, all samples were stained
with DAPI (Sigma, #32670, dilution 1:1000) prior to data
acquisition. Data were acquired using an LSR II flow cytometer
(BD) and analysed using FlowJo version 10.8.0.

RNA-Sequencing (RNA-Seq) and

Data Analysis

Total RNA from cultured SFs was isolated, RNA integrity check
was performed using the Agilent 2100 Bioanalyzer System and
RNA integrity number (RIN) value was > 9 for all samples.
Library preparation was done using RNA poly A selection at
Glasgow Polyomics (Glasgow, UK). Low sequencing reads were
removed using Trimmomatic (28) before mapped to mouse
reference genome (GRCM38) using Hisat2 version 2.1.0.
Featurecounts version 1.4.6 was used to quantify reads counts.
Mouse ENSEMBL gene ID to gene symbol conversion was
performed in BioTools (https://www.biotools.fr). Differentially
expressed (DE) genes were identified using DESeq2, and
Principal component analysis (PCA) were performed using R
Bioconductor project DEbrowser (29). Genes passing a threshold
of Padj<0.01 and |log2Foldchange| > 1 were considered as
differentially expressed. Gene Ontology (GO) Biological
Process enrichment and KEGG pathway enrichment were
conducted with Metascape (30) and PathfindR (31).
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MTS Assay Protocol

The MTS assay kit (Abcam, # ab197010) was used to measure the
cellular metabolic activity of SFs according to manufacturer’s
instructions. Briefly, cells were grown in 96-well plates (10,000
cells/well), medium was removed and 100 pL of cDMEM and 10
UL of MTS solution were added into each well. Plates were
incubated for 4 hours at 37°C when absorbance was read at
optical density of 590 nm. The same amount of cDMEM and
MTS solution without cells was used as an internal control for no
metabolomic changes and background absorbance.

Statistical Analysis

Data are presented as the mean + standard error (SEM).
Statistical analysis was performed using Prism 8 software
(GraphPad). One-way analysis of variance (ANOVA) was used
to test significant differences among multi-groups, and student t-
test was used between two groups studies. P values <0.05 were
considered significant.

RESULTS

SFs Subsets Show Distinctive Regulation
of Sialyltransferases in Arthritic Mice

We have recently shown that inflammatory SFs isolated from
mice undergoing experimental Collagen-Induced Arthritis (CIA)
show reduced expression of the glycosyltransferase ST6Gall and
associated 0.2-6 sialylation (26) but we did not have data about
the relative expression of other sialyltransferases in SFs subsets.
Therefore, to continue investigating SFs sialylation profile in
joint disease, we isolated SFs from healthy and arthritic CIA
mice. SFs were identified by flow cytometry as podoplanin+
and CD45-CD31- (to exclude immune and endothelial cells),
and expression of CD90 was used to sort lining (CD90-) and
sublining (CD90+) SFs (Figure 1A), subsets that have shown
distinct anatomical locations and pathophysiological roles (14).
As expected, we recovered a higher number of cells from the
arthritic joints (Figure 1B) and the relative proportion of CD90-
versus CD90+ SFs was altered (Figure 1C). RNA was extracted
from naive and CIA sorted CD90- and CD90+ SFs, and
expression of IL-6, Ccl2 and MMP3 was evaluated by RT-PCR
(Figure 1D). CIA SFs showed elevated expression of these
inflammatory markers, corroborating their activated/
inflammatory status compared to healthy SFs. In line with
previous reports, SFs subsets showed a differential expression
pattern for inflammatory cytokines IL-6 and Ccl2, with a more
noticeable distinction under non-inflammatory conditions. Next,
we quantified the mRNA expression of ST6Gall, ST3Gall,
ST3Gal2, ST3Gal3, ST3Gal4, ST3Gal6 and ST6GalNAc5,
sialyltransferases expressed in murine SFs involved in
glycoprotein sialylation (Figure 1E). SFs subsets showed a
different sialyltransferase expression profile, probably reflecting
their different biological role and anatomical location. In healthy
synovium, CD90+ SFs presented higher expression of ST6Gall,
ST3Gall and ST3Gal2 compared to CD90- cells. However, in
inflammatory CIA conditions, CD90+ cells down-regulated

expression of ST6Gall (which adds o2-6-linked sialic acids to
glycoproteins), whereas enzymes involved in 02-3 sialylation
remained unaltered or even up-regulated in the case of ST3Gal4.
These results corroborate our previous findings (26) and also
provide further support to the hypothesis that reduced 0:2-6
sialylation is an inflammatory checkpoint in CD90+ SFs.

Enzymatic Removal of Sialic Acid
Enhances SF Migration

Next, we sought to examine the pathophysiological function(s) of
SA in SFs. To this end, cells were expanded ex vivo from healthy
murine synovium, as cultured SFs maintain most of their
epigenetic and phenotypic signatures for several passages
(32, 33). Furthermore, cultured SFs express high and
homogeneous levels of CD90 (9). Such phenotype is
reminiscent of sublining SFs, subset that shows down-regulated
ST6Gall expression during joint inflammation (Figure 1E).
Thus, expanded SFs provided a suitable tool for in vitro
experiments in this context. To mimic the desialylation
observed in vivo during disease, we treated SFs with
Clostridium perfringens sialidase. Sialidase treatment reduced
levels of both 02-6- and 02-3-linked SA as evidenced by the
reduced binding of Sambucus nigra agglutinin (SNA) and
Mackia amurensis agglutinin (MAA) (Figure 2A). Cells
showed 49.4% ( £ 0.029) SNA binding and 25.3% ( + 0.038)
MAA binding after desialylation. The sialidase specificity was
further confirmed by an increased Peanut agglutinin (PNA)
binding, since the presence of SA inhibits its glycan
recognition, and unaffected binding of Aleuria aurantia
agglutinin (AAL), a fucose specific lectin (Figure 2A). SA has
been linked to cell migration, with reports showing that both o.2-
6 and 02-3-linked sialic acid can promote cell migration in
various cell types and cancer (34-37). Because SFs adopt a
migratory phenotype during RA, we hypothesized that SFs
with reduced levels of SA would have an increased migration
capacity, similar to the activated cells in RA. To test this, SFs were
desialylated with C. perfringens sialidase and cell migration was
evaluated using wound healing assays on fibronectin coated
wells. Results confirmed the proposed hypothesis, since cell
migration was significantly increased in desialylated SFs
(Figure 2B). By contrast, neither cell proliferation (Figure 2C),
nor cellular metabolomic rate (Figure 2D) were affected.

SA Removal Induces Rapid
Pro-Inflammatory Transcriptomic

Changes in Healthy SFs

We had previously observed that SFs up-regulated IL-6 and Ccl2
mRNA following loss of SA (26), but the functional consequences
of SA down-regulation in SFs-mediated immunity were effectively
unknown. Therefore, to identify SA-associated pathways and
hence further understand the role of sialylation in SFs, non-
treated control cells and cells desialylated with C. perfringens
sialidase were subjected to RNA-Seq analysis. Principal
Component Analysis identified that the two groups displayed
distinct transcriptome profiles (Figure 3A). Thus, we searched for
significant differential gene expression [DE fold change > 2, adjp
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<0.01] (Figure 3B) to identify distinct transcriptomic signatures
associated with hyposialylated conditions. This DE gene list
(Supplementary Table 1) was investigated for pathway
enrichment using KEGG database (Figure 3C). Remarkably, SA
removal induced a clear activated phenotype in SFs, including
enriched pathways for Rheumatoid Arthritis, cytokine signaling
(TNFa, IL-17, chemokines) and NFkB and TLR signalling
(Figure 3C). Next, we used the MCODE algorithm via the
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FIGURE 1 | CD90+ SFs show a distinct expression of sialyltransferases in experimental arthritis. (A) SFs were isolated from joints of naive and mice undergoing
Collagen-Induced Arthritis. Cells were sorted by FACs gating on low viability dye, CD31-, CD45- and PDPN+ cells. Subsets of SFs were discriminated by expression
of CD90. Sorting strategy is shown in the dot plots. (B) Total number of isolated cells from paws from naive (n = 7) and CIA (n = 10) animals. (C) Relative proportions
of SFs subset (lining: CDY0- and sublining: CDY0+) in total SFs of naive (n = 11) and arthritic mice (n = 12) evaluated by flow cytometry. (D) Relative expression of IL-
6, CCL2 and MMP3 mRNA in SFs subsets were quantified by RT-gPCR (n > 6). (E) Relative expression of a2,3- and a.2,6-sialyltransferases (St6gal1, St6GalNac5,
St3gall, St3gal2, St3gal3, St3gal4 and St3gal6) were quantified in SFs subsets by RT-PCR (n > 6). Data are represented as mean + SEM; each dot represents SFs
from one individual mouse. **p < 0.01 by Mann-Whitney test in (B, C), *p < 0.05, **p < 0.01, **p < 0.001 by Kruskal-Wallis test in (D, E).

bioinformatics tool Metascape (30) to find functional gene
nodes among the differentially expressed genes in desialylated
SFs, identifying 10 nodes able to hold significant interconnected
protein interactions (Figure 4). All nodes could be grouped under
the broad immunity label and were connected to a greater or lesser
extent. Node 1 covered the larger number of genes, mostly related
to the CXCL chemokine signalling and inflammatory mediators,
indicating that SFs adopted a distinctive inflammatory stage upon
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FIGURE 2 | In vitro desialylation enhances SFs motility. SFs isolated from naive mice were cultured and expanded ex vivo. Cells were cultured to reach confluency
and then treated with 0.1U/ml of C. perfringens sialidase (CP) for 1 hour to remove sialic acid from cell surface. (A) Control and sialidase-treated cells were stained
with biotinylated lectins (SNA, MAA, PNA and AAL), followed by incubation with Alexa-647 streptavidin. Cells were then examined by flow cytometry to quantify lectin
binding, as shown in histograms. Images were acquired in an EVOS™ FL Auto microscope, showing SNA and PNA-stained cells. Error bars: 200 um. (B) SFs were
seeded in migration chambers and grown until monolayer confluence to conduct migration assays. Images show one representative experiment, including control
and sialidase-treated naive SFs when insert was removed (time 0, TO) and 24 hours after desialylation (T24). Superimposed black lines define the cell-free area, scale
bar: 200 um. Column graph show the mean migration distance of 5 independent experiments, showing non-treated (NT) and sialidase-treated (CP) cells. Error bars
represent SEM, each dot represents one independent experiment (n = 5), *p < 0.05 by Mann-Whitney test. (C) SFs were labelled with proliferation dye eFluor 670
and analysed directly by flow cytometry (DayO) or treated with sialidase and maintained in culture for 5 days (Day5). Histogram shows one representative experiment.
(D) Naive SFs were seeded in 96-well plates, treated with sialidase and maintained in culture condition to assess cell viability and metabolomic activity using a
colorimetric MTS assay. Each dot represents one independent experiment (n = 3) analysed in technical triplicate, error bars represent SEM, ns, non-significant, by
Mann-Whitney test.

desialylation. In line with this, nodes 2, 3 and 4 comprised genes  (Figure 4A), even when cells in this experiment had not been
involved in cytokine-cytokine receptor signalling, NOD-like  stimulated with any inflammatory factor. In addition, another 5
receptor pathways and NFkB activation. Interestingly, pathways ~ functional nodes were defined [nodes 5-9], that were directly
in nodes 1 to 4 resembled a typical SF response during RA connected to pathways involved in responses to viruses or
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FIGURE 3 | Sialidase-treated SFs show an inflammatory transcriptomic profile. SFs from naive mice were cultured and expanded ex vivo, RNA was isolated from
non-treated control (NT) and C. perfringens sialidase treated (CP) SFs, then subjected to bulk RNA-Seq (75bp paired-end, 30M reads, n = 3). (A) Principal
component analysis (PCA). (B) All detected genes are plotted as a volcano plot. Genes that passed a threshold of padj < 0.01 and [foldChange| > 2 are considered
differentially expressed genes (DEGs), comparing sialidase-treated and non-treated SFs. Colour code, red: upregulated, blue: downregulated, in CP treatment.

(C) Upregulated genes in sialidase treatment identified in (B) were used to perform KEGG pathway enrichment analysis. KEGG pathways are plotted in bubble chart
with fold enrichment on x-axis and -log10 p-value on the coloured scale. The size of bubble is proportional to the number of DEGs in the given pathway.

associated processes, such as interferon signalling, phagosome
formation or MHC-I complexes (Figure 4B).

Thus, our RNA-Seq data described in detail how elimination
of sialic acid on SF surface acts as a molecular signal to activate
an inflammatory and anti-viral programme. Intriguingly, such
sialidase-induced inflammation showed common characteristics
with the known inflammatory phenotype of activated SFs during
chronic RA, albeit some other pathways were unrelated and
resembled immune responses to viral infections. To corroborate
the inflammatory capacity of desialylated SFs, we selected a
representative set of genes associated with inflammatory joint
disease whose expression was significantly enhanced in the
RNA-Seq dataset to be evaluated in independent experiments
by RT-PCR. Specifically, we selected 8 up-regulated genes
representative of SF-mediated inflammation, including
cytokines (IL-6, Ccl2), matrix metalloproteinases (MMP3,
MMP9, MMP13) and NFkB signalling pathways (MyD88,
NFxBIB). In addition, we evaluated TNFSF11 (TNFSF11, TNF
Superfamily Member 11 or Receptor activator of nuclear factor
kappa-B ligand, RANKL) and TNFRSF11B (TNF Receptor
Superfamily Member 11b, or Osteoprotegerin, OPG)
expression, because disturbed RANKL/OPG ratio promotes
osteoclastogenesis and bone damage in RA (38). Corroborating
RNA-Seq data (Figure 5A), IL-6, Ccl2, MyD88 and all MMPs
were up-regulated in desialylated SFs (Figures 5B-D). Likewise,
RANKL was up-regulated and OPG was down-regulated
(Figure 5E), matching sequencing results and suggesting an
increased osteoclastogenic potential in desialylated SFs.

Overall, our results show that hyposialylated SFs show an
inflammatory phenotype reminiscent of arthritic cells, with an
increased migratory ability and expression on pro-inflammatory
cytokines and chemokines known to play a key role in RA. In
fact, when RNA-Seq was used to compare SFs transcriptomic
changes upon desialylation with those induced by IL-1B, a well-
known inflammatory mediator in RA, we observed 20.7% of

overlapping up-regulated genes between both experimental
conditions (Figure 6). Among these genes, we found
inflammatory cytokines and chemokines, like IL-6, Csf3, CXCL
and Ccl members and MMPs (Supplementary Table 2), which
showed significantly enriched pathways for cytokine-receptor
signalling, NFkB signalling, and other immune pathways
(Figure 6), further highlighting the pro-arthritic status of
hyposialylated SFs.

Enzymatic Removal of Surface SA
Regulates Sialyltransferase Expression
Although the inflammatory signature of hyposialylated SFs
shared a significant number of pathways with classical IL-1B
stimulation, it also contained a distinctive set of DE 213 genes
[fold change > 2, adjp <0.01] only observed in response to
sialidase treatment (Figure 6 and Supplementary Table 2).
Among these, we still found a clear immune signature,
including inflammatory cytokines (IL-15, IL-16), CXC
chemokines and TNFo NF-kB signalling pathways. Cellular
activation was evidenced by a large presence of P-loop NTPase
fold-containing proteins, like Guanylate-binding proteins (Gbp),
involved in the hydrolysis of phosphate bond of nucleoside
triphosphates like ATP or GTP. This is mechanistically related
to oxidative killing, phagolysosomes function and anti-viral
responses, some of the other pathways activated only by
desialylation. Interestingly, we also observed in our RNA-Seq
datasets that the glycosyltranferase genes ST6Gall, ST3Gal3,
Gentl, B3Galtl and Galntl8 were significantly regulated in
response to surface desialylation, but not in response to IL-1f
(Figure 7A and Supplementary Table 2). This suggests that
exogenous factors inducing a loss of SA might provide a positive
feedback to modulate endogenous expression of sialosides, which
could represent a link between extracellular factors that modify
SA content and consolidation of inflammatory response, perhaps
leading to chronic disease. Hence, to evaluate whether SA
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FIGURE 4 | Protein-protein interaction networks of upregulated DEGs in C. perfringens sialidase treated SFs. Upregulated DEGs identified in Figure 3 were used to
perform protein-protein interaction enrichment in Metascape (https://metascape.org/ ). Genes are represented by coloured circles, size is directly proportional to the
number of genes in each node. DEGs genes clustered a total of 10 independent nodes based on known protein-protein interactions. Functional pathways
significantly represented in each node are shown. Nodes are classified into two main categories based on the functional roles: ‘rheumatoid arthritis’ (A) and

DISCUSSION

In this study, we report that synovial fibroblasts undertake a
highly inflammatory phenotype when SA is removed from the
cell surface. This supports our in vivo results, showing that
inflammatory SFs show lower sialylation than healthy cells,
mainly 02-6 linked SA. Notably, sialylation has been involved
in cellular processes that are critical for SFs-mediated
pathophysiology in RA, like cell migration and immune
regulation. SA also determines metastatic potential and
migration in cancer as well as tumour aggressiveness and
invasiveness (39, 40). Specifically, elevated 02-3 sialylation has
been associated with enhanced migration in breast cancer,
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FIGURE 5 | Sialidase-treated synovial fibroblasts show an enhanced inflammatory response. (A) mRNA expression as detected by RNA-Seq from Figure 3 for
MMP3, MMP9, MMP13, IL-6, CCL2, Myd88, Nfkbib, Tnfsf11 and Tnfrsf11b. (B-E) RNA was isolated from control (NT) and C. perfringens sialidase treated (CP)
naive SFs. Relative expression of the genes shown in (A) was assessed by RT-gPCR using the AACt method and actin as housekeeping gene. (B) IL-6 and CCL2,
(C) MMP3, MMP9 and MMP13, (D) Myd88 and Nfkbib, and (E) Tnfsf11 and Tnfrsf11b. For (B-E), each dot represents one independent experiment, error bars
represent SEM (n = 5), *p < 0.05, **p < 0.01 evaluated by Mann-Whitney test. NS, non-significant.

melanoma and pancreatic adenocarcinoma (41-43). Likewise,
pathogenic cell migration has also been reported for 0:2-6 linked
SA. Pally et al. described that distinct sialylation levels correlate
with migratory phenotypes of epithelial cancer cells in three-
dimensional cultures (44) and endometriotic cells show
enhanced migration after 02-6 desialylation (45). Similar
mechanisms could therefore happen in the arthritic joint to
promote SFs migration and invasion of cartilage tissue. However,
local factors such as the composition of the extracellular matrix
in health and disease will influence cell migration. Thus,
comparisons with other cell types or environments should be
taken with caution and tailored studies are needed to fully
understand how SA might affect SF migration in the context
of arthritis.

Our data also revealed a strong link between low sialic acid
content and initiation of SFs inflammatory and immune
responses, suggesting that sialic acid acts as a molecular
switch to control tissue homeostasis and inflammation in the
joint synovial space. Our in vivo data show that a decreased 02-
6/02-3 SA ratio is responsible of SFs activation, something that
C. perfringens sialidase recapitulates in vitro, proving that

hyposialylated SFs become highly inflammatory. In this
regard, the pathophysiology of SA in cancer represents the
opposite scenario to autoimmune RA, as high SA content
provides an advantageous scenario to cancer cells, particularly
from the perspective of moderating immune responses.
Tumour cells evade immune responses by adopting a
hypersialylated phenotype to exploit SA-Siglec
immunosuppressive signalling (46-49), whereas highly
sialylated SFs may provide the immunosuppressive
environment required in joint physiology. These overall
results offer strong support to consider SA as an
immunoregulatory switch, whose opposite actions in cancer
and autoimmunity may represent two sides of the same coin.
Considering this, SA is a potential target in cancer
immunotherapy, since eliminating SA restraint in the tumour
microenvironment could release anti-tumour immunity. Early
studies dating back a few decades showed that treatment of a
leukaemia cell lines with neuraminidases increased their
immunogenicity (50, 51). A more specific approach is the
recent development of engineered antibody-sialidases
conjugates to target Siglec-dependent binding of NK cells,
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FIGURE 6 | Comparison of transcriptomic activation of desialylated and IL-1B-stimulated SFs. Bulk RNA-Seq (75bp paired-end, 30M reads, n = 3) was performed
on i) naive and IL-1B-stimulated, and ii) non-treated and C. perfringens-treated naive SFs, to identify DEGs (Padj < 0.01 and [foldchange| > 2) in both experimental
conditions. (A) Venn diagram shows the number of overlapping and unique DEGs identified in the IL-1B vs naive and CP vs NT comparisons. (B) Overlapping genes
identified in (A) were used to perform pathway enrichment using the biocinformatics tool Metascape. (C) Unique genes in IL-1p vs naive and (D) unique genes in CP
vs NT identified in (A) were used to perform protein-protein interaction enrichment in Metascape.

which makes tumour cells more susceptible to antibody-
dependent cell-mediated cytotoxicity (52). However, our
results in SFs could perhaps suggest that biologics with
sialidase activity could also have the potential of starting off-
target inflammation and autoimmunity, although additional
work in animal models or clinical studies are required to
challenge this hypothesis. Nevertheless, further steps have
already been taken to optimise the selectivity of antibody-
sialidases conjugates, by assessing several recombinant
sialidases (53), but consideration of sialidase-dependent
immune effects in long-term therapeutic regimes may be
carefully considered for the development of safer and better
sialidase-conjugated biologics.

Our study provides a causal link between presence of SA and
initiation of immune responses in stromal SFs, but it still
presents important limitations that should be addressed in
follow-up studies. We used a recombinant sialidase from C.
perfringens but details about the specific changes in sialylated
glycoconjugates are still unknown. Specific SA linkages,
membrane distribution, and SA acetylation might be an
important aspect of SA-dependent communication and
signalling. In fact, studies using CRISPR Cas9 showed that SA
acetylation affects Siglec-mediated functions (54). Besides, the
predominant sialic acids on murine cells are N-acetylneuraminic

acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc), the
latter not synthesised in humans because of the loss of the
CMAH gene. This evolutionary event caused a rapid adaptation
of the Siglec family to the new human glycome dominated by
Neu5Ac. Therefore, translation of findings from murine models
to human biology may be challenging, especially given that
several pathotypes have been described in human RA (55). It
is still very unclear how inflammatory mediators modulate the
content of SA in human RA to initiate or perpetuate
inflammation, and further studies, considering disease
heterogeneity, should be conducted. To facilitate these
translational findings, it is required to delineate the molecular
mechanisms underlying SA-dependent SF activation. Loss of SA
would imply a lack of regulatory Siglec signalling, but it may also
uncover underlying galactose residues allowing galectin-3-
binding and subsequent cell activation, as galectin-3 is a highly
inflammatory mediator. In fact, galectin-3 induces a higher
expression of pro-inflammatory IL-6, GM-CSF, MMP3 and
even TNFo in SFs than in skin fibroblasts (3). A reduction of
such inflammatory mediators in the synovium would also reduce
local inflammation and cell recruitment, further reducing local
TNFo and maintaining high levels of sialylation, since
inflammatory TNFo. down-regulates ST6Gall expression and
02-6 sialylation (26). Therefore, the inflammatory axis TNFo.-
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hyposialylation-galectin-3 could have a stronger impact in the
synovium compared with other tissues, such as the skin, perhaps
explaining the tissue tropism observed in RA inflammation.
Nevertheless, the potential effect of hyposialylated fibroblasts
must also be investigated in other tissue more prone to suffer
chronic inflammation, like the lung or gut. Interestingly, low
sialylation has been linked to other pathways and cell types
during RA, for example, activated chondrocytes show reduced
levels of 02-3 SA and hyposialylation is also observed in
Rheumatoid arthritis (RA)-associated IgG antibodies (56, 57).
Finally, we believe that understanding the factor(s)
responsible of SF loss of SA in vivo is of high relevance to
understand chronic RA. Such factors could have heterogeneous
origins including i) cytokine signalling, like the TNFa-mediated
downregulation of ST6Gall as we have shown before, ii)
endogenous sialidases, secreted by SFs or other immune cells

in arthritic joint, iii) infections, for example viral sialidases and
iv) environmental factors, like diet and environment. For
example, cigarette smoke reduces ST6Gall and 02-6 sialylation
in bronchial epithelial cells leading to IL-6 production (58),
similarly to the effects that we have observed in SFs upon
desialylation. Similarly, sialidases are secreted by several viruses
and other pathogens to modulate SA-dependent actions (59, 60),
perhaps indicating that infections can remodel the local glycome
to trigger, or favour, the establishment of future inflammatory
RA. The fact that desialylated SFs activate anti-viral responses
would provide support to such viral infection-chronic
inflammation link. Importantly, our results show that removal
of surface SA reconfigures expression of some sialyltransferases,
suggesting that initial SA loss can lead to chronic inflammatory
feedbacks, contributing to perpetuation of disease in RA
regardless of the initiating factors.
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Siglec-7 (sialic acid—binding immunoglobulin-like lectin 7) is an immune checkpoint-like
glycan recognition protein on natural killer (NK) cells. Cancer cells often upregulate Siglec
ligands to subvert immunosurveillance, but the molecular basis of Siglec ligands has been
elusive. In this study, we investigated Siglec-7 ligands on chronic lymphocytic leukemia
(CLL) B cells. CLL B cells express higher levels of Siglec-7 ligands compared with healthy
donor B cells, and enzymatic removal of sialic acids or sialomucins makes them more
sensitive to NK cell cytotoxicity. Gene knockout experiments have revealed that the
sialyltransferase ST6GalNAc-IV is responsible for the biosynthesis of disialyl-T
(NeubAco2-3Galp1-3[NeubAco2-6]GalNAcal-), which is the glycotope recognized by
Siglec-7, and that CD162 and CD45 are the major carriers of this glycotope on CLL B
cells. Analysis of public transcriptomic datasets indicated that the low expression of
GCNTT1 (encoding core 2 GIcNAc transferase, an enzyme that competes against
ST6GalNAc-1V) and high expression of STEGALNAC4 (encoding ST6GalNAc-IV) in CLL
B cells, together enhancing the expression of the disialyl-T glycotope, are associated with
poor patient prognosis. Taken together, our results determined the molecular basis of
Siglec-7 ligand overexpression that protects CLL B cells from NK cell cytotoxicity and
identified disialyl-T as a potential prognostic marker of CLL.

Keywords: chronic lymphocytic leukemia, natural killer cells, Siglec-7, sialomucin, ST6GalNAc-IV, Core 2
GIcNAc transferase

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common type of hematopoietic malignancy (1, 2).
CLL develops over a long period of time by the accumulation of mature clonal B lymphocytes that
proliferate in an uncontrolled manner and/or fail to undergo cell death. Clinical outcome of CLL is
influenced by many factors, and the mutation status of immunoglobulin heavy chain variable region
(IGHV), reflecting the differentiation stage of the B cell clone that eventually gives rise to CLL, is a
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strong prognostic factor (3, 4). Survival of CLL cells depends on
the signaling through B-cell receptor, which may recognize
autoantigen or environmental antigen (5-7). Approval of drugs
targeting the B-cell receptor signaling pathway (i.e, Btk and
PI3KJ inhibitors) and the anti-apoptotic protein Bcl2 inhibitor
has revolutionized the treatment of CLL in the past decade (8).
However, drug resistance eventually develops in many patients,
necessitating new therapeutic approaches. Recent success in
clinical trials of chimeric antigen receptor—transduced T cell
and NK cell therapies has marked the beginning of a new era in
CLL therapy (9, 10). The identification of factors influencing the
success of cell-based CLL therapy is thus of clinical interest.

NK cells are equipped with various germline-encoded receptor
proteins working as environmental sensors, and the sum of the
inputs from activating and inhibitory receptors determines the
cellular response (11-13). A previous study found that genetic
polymorphisms determining the ratio between inhibitory and
activating killer immunoglobulin-like receptors are associated with
susceptibility to CLL (14), suggesting the importance of NK cell-
mediated immunosurveillance in CLL. Siglec-7 (sialic acid-binding
immunoglobulin-like lectin 7), also known as p75/AIRM-1, is one
of the inhibitory receptors on NK cells (15, 16) and is considered to
be a potential cancer immunotherapy target (17, 18). Many Siglecs,
from a family of glycan recognition proteins expressed on various
leukocytes, have immune checkpoint-like properties and contribute
to the fine-tuning of immune responses (19, 20). Each Siglec shows
a unique expression pattern and its own glycan recognition
preference (21, 22). Research has shown that neutralization of
Siglec-7 (expressed primarily on NK cells) and Siglec-9 (expressed
primarily on myeloid cells but also on cytotoxic T cells in cancer
patients) with an antibody can modulate the responses of killer
lymphocytes in favor of cancer elimination (18, 23). Removal of
sialic acid, a sugar residue recognized by Siglecs, from cancer cells
also sensitizes them to cellular cytotoxicity by killer lymphocytes
and other mechanisms (17, 24-26).

These previous studies demonstrated that the sialic acid-
Siglec axis is a promising target for checkpoint inhibitor-type
intervention in cancer treatment. However, our knowledge
regarding the identity of Siglec ligands on cancer cells,
consisting of the glycan epitope (glycotope) recognized by
Siglec and the glycoproteins (counterreceptors) that exhibit the
glycotope, is still limited (27, 28). The inherent difficulties in
deciphering glycan-based recognition events include the low
affinity of interaction between the glycan recognition protein
and cognate glycotope (with the Kd value often being in the
order of 107 M), complexity of glycan structures and
biosynthesis pathways, redundancy in counterreceptors (i.e.,
the same glycotope can be exhibited in multiple glycoproteins),
and the membrane-associated nature of functional ligands,
among others. Regardless, understanding the molecular basis
of Siglec-based immune subversion by cancer is crucial to
improving the efficacy of cancer therapy. In this study, we used
a combination of approaches to determine the molecular basis of
Siglec-7 ligands on CLL B cells and further identified a potential
prognostic marker of CLL via bioinformatic analysis of public
transcriptomic datasets.

MATERIALS AND METHODS

Collection of Donor Blood and Purification
of B Cells

The institutional review boards of the National Taiwan
University Hospital and Academia Sinica approved this study
(approval nos. 201907037RINA and AS-IRB-BM-19043,
respectively). Taiwanese CLL patients were recruited at the
National Taiwan University Hospital. Informed consent was
obtained from each participant before peripheral blood
samples were collected. The characteristics of the patients are
summarized in Supplementary Table 1. Blood samples from
healthy donors were obtained from the Taipei Blood Center
(Taipei, Taiwan). B cells were purified from the blood samples by
density gradient centrifugation using Ficoll-Paque PLUS (cat. no.
17-1440-03; Cytiva, Marlborough, MA, USA) followed by affinity
purification with CD19 MicroBeads (cat. no. 130-050-301;
Miltenyi Biotec, Bergisch Gladbach, Germany), as previously
described (29).

Cell Lines

The human CLL cell lines JVM-3, MEC-1, and MEC-2 were
obtained from DSMZ-German Collection of Microorganisms
and Cell Cultures (Braunschweig, Germany). JVM-3 was
maintained in RPMI-1640 medium containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (Pen/
Strep; Thermo Fisher Scientific, Waltham, MA, USA), whereas
MEC-1 and MEC-2 were maintained in IMDM containing 10%
FBS and 1% Pen/Strep. The human NK cell line NK-92MI (30)
was obtained from Bioresources Collection and Research Center
(Hsinchu, Taiwan) and maintained in MEMo. containing 12.5%
horse serum, 12.5% FBS, 1% Pen/Strep, 0.2 mM inositol, 0.1 mM
2-mercaptoethanol, and 0.02 mM folic acid.

Antibodies and Other Reagents
Allophycocyanin-labeled anti-CD43 (clone L10) was obtained
from Thermo Fisher Scientific. Phycoerythrin (PE)-labeled anti-
CD43 (clone CD43-10G7), PE-labeled anti-CD45 (clone KPL1),
and PE-labeled anti-CD162/PSGL-1 (clone 2D1) were purchased
from Biolegend (San Diego, CA, USA). Recombinant Siglec—Fcs
(consisting of an extracellular lectin domain of Siglec and human
immunoglobulin G1 hinge-Fc region, with a FLAG tag in
between) were prepared in-house (31). Fluorescein- and Alexa
Fluor 647-labeled anti-human immunoglobulin G antibodies
were acquired from Jackson ImmunoResearch (West Grove,
PA, USA).

Sialidase (neuraminidase) from Arthrobacter ureafaciens was
purchased from Nacalai (Kyoto, Japan). O-sialoglycoprotein
endopeptidase (OSGP-EP) was acquired from Cedarlane
Laboratories (Burlington, Ontario, Canada). Benzyl-2-
acetamido-2-deoxy-o.-p-galactopyranoside (benzyl-o--GalNAc)
and kifunensine were obtained from Millipore Sigma (St.
Louis, MO, USA). pr-Threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol was purchased from Cayman
Chemical (Ann Arbor, MI, USA).
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Proximity Labeling of JVM-3 Cells With
Siglec-7-Fc and Identification of
Counterreceptor Candidates

Identification of Siglec-7 counterreceptors was attempted with
proximity labeling as previously described (32). In brief, JVM-3
cells (1x10”) were incubated with Siglec-7-Fc (10 pg) or binding-
deficient mutant Siglec-7(R124A)-Fc (10 pg) precomplexed with
peroxidase-conjugated anti-FLAG antibody (5 pg; cat. no.
A8592; Millipore Sigma), followed by incubation with biotin
labeling reagent (10 uM biotin tyramide and 10 mM H,0, in
Tris-buffered saline). Biotinylated proteins were purified from
cell lysates with Dynabeads MyOne Streptavidin C1 (Thermo
Fisher Scientific), eluted by heat denaturation in sample buffer
(Bio-Rad, Hercules, CA, USA), and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and in-gel
trypsin digestion. The peptides were analyzed by liquid
chromatography with tandem mass spectrometry (LC-MS/MS)
using an Orbitrap Elite hybrid mass spectrometer (Thermo
Fisher Scientific). The raw data were processed using Proteome
Discoverer 2.1 (Thermo Fisher Scientific), and peptide
identification was performed using Mascot (version 2.3.2) and
SEQUEST against the Swiss-Prot human database with a strict
false discovery rate of 0.01. Label-free quantification was
performed using the peak area of each precursor ion with a
mass precision of 2 ppm. Details of the analysis are described in
Supplementary Materials and Methods. The proteomics data
set was deposited to ProteomeXchange via the PRIDE database
(accession no. PXD024690).

Gene Expression Analysis With
Quantitative Real-Time Polymerase

Chain Reaction

The transcript levels of the genes of interest were analyzed with
quantitative real-time polymerase chain reaction (qRT-PCR)
using commercial primer—probe sets (TagMan Real-Time PCR
Assay; Thermo Fisher Scientific; Supplementary Table 2), in
accordance with the protocols provided by the manufacturer.
First-strand complementary DNA was prepared from 1 ug of
total RNA extracted from the cells using a SuperScript III First-
Strand Synthesis System with random hexamer primers (Thermo
Fisher Scientific). The preparation was then used for the qRT-
PCR assays with a FastStart Universal Probe Master (Roche,
Mannheim, Germany) in a StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific).

Expression of Siglec-7 in NK-92MI Cells
NK-92MI does not express Siglec-7 (33). We thus expressed
Siglec-7 by lentiviral transduction as previously described (34).
Siglec-7+ cells (NK-92MI/S7) were sorted by fluorescence-
activated cell sorting twice. They were later used without
further cloning.

Preparation of Gene-Edited JVM-3 and
MEC-1 Cells With CRISPR-Cas9

To obtain JVM-3 and MEC-1 sublines lacking the genes of
interest, we introduced Streptococcus pyogenes Cas9 and single-

guide RNA (sgRNA) expression constructs via lentiviral
transduction. Lentiviruses for the expression of Cas9
(p5w.Cas9.Pbsd) and sgRNAs (pU6-gRNA.Ppuro) were
obtained from RNA Technology Platform and Gene
Manipulation Core (National Biotechnology Research Park and
Academia Sinica, Taipei, Taiwan). Transduced cells were
subjected to drug selection and further sorted to select the
population that lost the target protein (as revealed by antibody
staining) or the target glycotope (as revealed by lectin or
antibody staining; Supplementary Figure 1). Sorted cells were
propagated, and the indels in the target gene were analyzed by
genomic PCR and DNA fragment length analysis (with 3730xI
DNA Analyzer and GeneMapper Software v4.0, Applied
Biosystems/Thermo Fisher Scientific; outsourced to Genomics,
New Taipei City, Taiwan; Supplementary Figure 1). Sorted cells
were used without further cloning. Owing to the pseudo-
tetraploid nature of the JVM-3 cell line, sequencing-based
genotyping was not conducted. The sequences of the sgRNA
and PCR primers used for DNA fragment length analysis are
summarized in Supplementary Table 3.

NK Cell Cytotoxicity Assay

Target cells were labeled with 5 M calcein acetoxymethyl ester
(Thermo Fisher Scientific) in Dulbecco’s PBS, washed three
times with 5% FBS in Dulbecco’s PBS, and mixed with NK-
92MI/S7 at an effector/target ratio in the range of 1:1 to 10:1 in
96-well conical bottom plates (cat. no. 249935, Thermo Fisher
Scientific). After a 4-h incubation at 37°C in a CO, incubator,
the plate was centrifuged (at 600 g, 3 min), the supernatant (150
UL) was transferred to a fresh chimney plate (cat. no. 655096,
Greiner Bio-One; Kremsmiinster, Austria), and fluorescence
intensity (excitation: 485 nm; emission: 535 nm) was measured
with a plate reader (SpectraMax Paradigm; Molecular Devices,
San Jose, CA, USA). Specific lysis was calculated with the
following formula:

SpeCiﬁCLySiS(%) =100 x (FE+T - FT)/(Fmax - FT)

where Fg,r, Fr, and F., represent fluorescence in the
supernatant from the effector + target, target alone, and
maximum release by detergent lysis, respectively.

Quantitative Analysis of O-Glycans With
LC-MS/MS

O-glycans were released from cells by alkaline reductive
elimination, permethylated, and subjected to reversed-phase
C18 nanoLC-MS/MS analysis as previously described (35).
The major O-glycans detected and verified by MS/MS were
relatively quantified by the peak areas of their extracted ion
chromatograms. Details of the analysis are described in
Supplementary Materials and Methods.

International Cancer Genome Consortium
CLL Transcriptomic Data Analysis

Access to the data sets for CLL patients was granted by the Data
Access Compliance Office of the International Cancer Genome
Consortium (DACO-1071633). RNA sequencing-based
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transcriptomic data sets for CLL patients (EGAD00001000258
and EGAD00001001443) were downloaded and analyzed using a
Taiwania 1 supercomputer at the National High-Performance
Computing Center (Hsinchu, Taiwan) and GNU Parallel (36).
RNA sequencing data of the patients with CLL or small cell
lymphoma and with survival status (n = 255 and n = 9,
respectively; total n = 264) were included in the analysis.
Patient data was obtained as metadata from the International
Cancer Genome Consortium, and supplemented with IGHV
mutation status from (37). Details of the analysis are described
in Supplementary Materials and Methods.

Statistics

Statistical tests were performed with Prism 8 (GraphPad, San
Diego, CA, USA) or with R. P value smaller than 0.05 was
considered significant. Two-tailed tests were used throughout.
For the comparison of two groups, Mann-Whitney test (when
the normal distribution of values was not expected; Figure 1A)
or Student’s t test (Figures 2, 4A, 6C) was used. For the
comparison of the means of multiple groups, one-way
ANOVA with Dunnett’s post hoc test (Figures 1F, 3C, 4C) was
used. Association between gene expression and Siglec-7 binding
(Figure 6E) was analyzed by linear regression, and that between
gene expression and patient survival (Figure 7 and Table 1) was
analyzed by likelihood ratio test.

RESULTS

B Cells From CLL Patients Express

Higher Levels of Siglec-7 Ligands Than
Those From Healthy Donors

Differences in the cellular or protein-specific glycosylation
patterns between B cells from CLL patients and those from
healthy donors have been described in the literature (38-42),
but whether these changes alter interactions with Siglecs has not
been specifically addressed to date. To compare the glycosylation
profiles of B cells from CLL patients with those of B cells from
healthy donors in the context of Siglec recognition, we tested the
binding of several recombinant Siglecs to these cells by flow
cytometry. We chose CD22/Siglec-2, Siglec-7, and Siglec-9 as
probes, as these Siglecs showed robust binding to B cells from CLL
patients in our preliminary experiments (data not shown). We
found that B cells express ligands for several Siglecs and that B
cells from CLL patients express higher levels of Siglec-7 ligands
compared with those from healthy donors (Figure 1A). By
contrast, the levels of ligands for CD22/Siglec-2 or Siglec-9 were
not significantly different between the two groups (Figure 1A).
The results for the CD22/Siglec-2 probe are consistent with those
we obtained in a previous study, which demonstrated similar
degrees of terminal 026 sialylation of N-glycans in B cells from
CLL patients and healthy donors (42).

Primary Siglec-7 Ligands in CLL B Cells
Are O-Glycosylated Proteins

To investigate the molecular basis of Siglec-7 ligands in CLL B
cells, we sought a CLL B cell line that resembles B cells from CLL

patients in terms of glycan profile. Among the cell lines tested,
JVM-3 showed a Siglec binding pattern similar to that of B cells
from CLL patients (Figure 1B). Thus, we primarily used this cell
line for further study.

As expected, sialidase treatment of JVM-3 cells diminished
Siglec-7 binding (Figure 1C). Among the compounds that
interfered with glycan processing, including benzyl-2-
acetamido-2-deoxy-0i-p-galactopyranoside (benzyl-o-GalNAc,
mimicking the GalNAc peptide and diverting the O-glycan
biosynthesis pathway), kifunensine (blocking N-glycan
processing at high mannose-type glycans), and pr-threo-1-
phenyl-2-decanoylamino-3-morpholino-1-propanol (inhibiting
glycolipid biosynthesis), only benzyl-o-GalNAc significantly
attenuated Siglec-7 binding to JVM-3 cells, suggesting that the
glycotope on CLL B cells recognized by Siglec-7 is primarily
exhibited on O-glycans (Figure 1D). We then treated the cells
with O-sialoglycoprotein endopeptidase (OSGP-EP), which
selectively digests mucin-like glycoproteins heavily modified
with sialylated O-glycans (sialomucins) (43, 44). This
treatment diminished Siglec-7 binding to JVM-3 cells
(Figure 1E), demonstrating that glycoproteins heavily modified
with O-glycans are the primary ligands for Siglec-7. Treatment of
B cells from CLL patients with sialidase or OSGP-EP also
diminished Siglec-7 binding (Figure 1F), confirming the
observation with JVM-3.

Enzymatic Removal of Sialylated
O-Glycans Sensitizes JVM-3

to NK Cell Cytotoxicity

To test whether Siglec-7 ligands protect JVM-3 cells from NK
cells, we enzymatically treated JVM-3 cells with sialidase or
OSGP-EP and subjected them to NK cell cytotoxicity assay
using the NK-92MI cell line expressing Siglec-7 (NK-92M1/S7).
We over-expressed Siglec-7, as NK-92MI does not (or only
weakly) express Siglec-7 (33).

As expected, both enzymatic treatments sensitized JVM-3 cells
to NK cell cytotoxicity (Figure 2A). Moreover, the JVM-3 cell
culture in the presence of benzyl-a-GalNAc also sensitized the
cells to NK cell cytotoxicity (Figure 2B). Taken together, these
results imply that sialylated glycotopes on heavily O-glycosylated
proteins (counterreceptors) protect CLL B cells from NK cell
cytotoxicity. We observed a similar enhancement of cytotoxicity
by the same treatment of JVM-3 cells when parental NK-92MI
cells were used as effector cells (Supplementary Figure 2),
implying that sialylated and heavily O-glycosylated proteins
can protect CLL by a Siglec-7-independent mechanism as
well. Although we found Siglec-6 is highly expressed on parental
NK-92MI, recombinant Siglec-6 did not show binding to JVM-3
(Supplementary Figure 3), excluding the interaction between
NK-92MI and JVM-3 cells by way of Siglec-6 and its ligand.

Siglec-7 Counterreceptors on CLL B Cells
Include CD43, CD45, and PSGL-1

We used a proximity biotin labeling method (32) to identify the
counterreceptors for Siglec-7 and determined CD45 as a
candidate (Supplementary Dataset 1). CD43, a major
sialomucin, was also identified with a single peptide. However,
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FIGURE 1 | Siglec-7 ligands are highly expressed on B cells from patients with chronic lymphocytic leukemia (CLL). (A) Comparison of Siglec ligand levels
between B cells from healthy donors and those from CLL patients. The difference in Siglec-7-Fc binding (expressed as median fluorescence intensity [MFI]) to B
cells between healthy donors (n = 9) and CLL patients (n = 17) was statistically significant (***P < 0.001, Mann-Whitney test), whereas the difference in CD22/
Siglec-2-Fc and Siglec-9-Fc binding between the two groups was not (P = 0.33 and 0.38, respectively; Mann-Whitney test). Bars represent mean + SD. (B)
Siglec ligands in primary B cells and CLL B cell lines. JVM-3, MEC-1, and MEC-2 cells were stained with recombinant CD22/Siglec-2-Fc, Siglec-7-Fc, and
Siglec-9-Fc and analyzed with flow cytometry. Siglec-Fc binding signals (in MFI) were normalized to that of CD22/Siglec-2—Fc. Bars represent mean + SD of
three independent experiments. For primary B cells, the data was normalized individually for each donor [healthy donors (n = 9) and CLL patients (n = 17)], using
the same dataset as presented in panel (A). JVM-3 most closely resembled CLL B cells in terms of Siglec binding pattern. (C) Effect of sialidase treatment on
Siglec-7 binding to JVM-3. JVM-3 cells were treated with (green) or without (red) sialidase before probing with recombinant Siglec-7-Fc. Siglec-7-Fc binding
was abrogated by treatment of the cells with sialidase. Siglec-7(R124A)-Fc was used as a negative control (gray). (D) Effects of glycan processing inhibitors on
Siglec-7-Fc binding to JVM-3. Cells were cultured in the presence of benzyl-2-acetamido-2-deoxy-o-p-galactopyranoside (benzyl-a-GalNAc; red: control;
yellow: 0.2 mM; green: 0.5 mM; blue: 1 mM), kifunensine (red: control; yellow: 5 uM; green: 10 uM; blue: 20 uM), or pL-threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol (PDMP; red: control; yellow: 10 uM; green: 20 uM; blue: 40 uM) for 72 h; stained with recombinant Siglec-7-Fc; and analyzed with flow
cytometry. Benzyl-a-GalNAc pretreatment attenuated Siglec-7-Fc binding, whereas neither kifunensine nor PDMP did, implying that O-glycans exhibit the glycan
epitope (glycotope) recognized by Siglec-7. (E) Effect of O-sialoglycoprotein endopeptidase (OSGP-EP) treatment on Siglec-7-Fc binding to JVM-3. JVM-3 cells
were treated with (green) or without (red) OSGP-EP before probing with recombinant Siglec-7-Fc. OSGP-EP treatment of JVM-3 cells attenuated Siglec-7-Fc
binding, indicating that glycoproteins heavily modified by sialylated O-glycans (sialomucins) are the major ligands for Siglec-7. (F) Effect of enzyme treatment on
Siglec-7-Fc binding to B cells from CLL patients (n = 5). Sialidase and OSGP-EP treatment of B cells from CLL patients diminished Siglec-7-Fc binding (***P <
0.0001, one-way ANOVA with Dunnett’s post hoc test). Bars represent mean + SD.
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FIGURE 2 | Sialylated O-glycoproteins protect chronic lymphocytic leukemia B cells from NK cell cytotoxicity. (A) Effects of sialidase or O-sialoglycoprotein
endopeptidase (OSGP-EP) treatment of JVM-3 cells on NK cell cytotoxicity. JVM-3 cells were treated with sialidase or OSGP-EP and subjected to cytotoxicity
assay using an NK-92 cell line expressing Siglec-7 (NK-92MI/S7). Both treatments made JVM-3 cells more sensitive to NK cell cytotoxicity. Cytotoxicity assays
were conducted in technical triplicate and repeated several times, with consistent results. Representative results are shown (*P < 0.05, **P < 0.01, and ***P <
0.001; Student’s t test). Bars represent mean + SD of technical triplicates. (B) Effect of benzyl-2-acetamido-2-deoxy-o.-p-galactopyranoside (benzyl-a-GalNAc)
treatment of JVM-3 on NK cell cytotoxicity. JVM-3 cells cultured in the presence of benzyl-a-GalNAc (72 h) were more sensitive to NK cell cytotoxicity.
Cytotoxicity assays were conducted in technical triplicate and repeated several times, with consistent results. Representative results are shown (*P < 0.05,
Student’s t test). Bars represent mean + SD of technical triplicates.
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[PSGL-1]) were not identified, likely because these proteins are  increased sensitivity to NK cell cytotoxicity. As expected, cells

resistant to proteolysis and inherently difficult to identify by  deficient in CD45 or CD162/PSGL-1 were more sensitive to

mass spectrometry (45). cytolysis by NK-92MI/S7 (Figure 3B). Taken together, these
Flow cytometry analysis revealed that CD43 and CD162/PSGL-  results indicate that CD45 and CD162/PSGL-1 are functional

1 are expressed on JVM-3 cells (data not shown). We thus tested Siglec-7 counterreceptors on CLL B cells.

whether either of these proteins or CD45 accounts for a major

counterreceptor by knocking out each of them. Gene disruption Siglec-7 Gly00t0pe on CLL B Cells Is

(SPN for CD43, PTPRC for CD45, and SELPLG for CD162/PSGL- ~ Synthesized by ST6GalNAc-IV

1) revealed that none of these proteins alone could account for the ~ To gain further insight into the glycan part of Siglec-7 ligands, we

Siglec-7 counterreceptor but that depletion of each glycoprotein ~ sought the sialyltransferase responsible for the biosynthesis of

attenuated the Siglec-7 binding to a small extent (Figure 3A). the glycotope recognized by Siglec-7. Siglec-7 preferentially
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FIGURE 3 | CD43, CD45, and CD162/PSGL-1 are the counterreceptors of Siglec-7. (A) Effect of glycoprotein knockout (KO) on Siglec-7-Fc binding. The
glycoprotein genes (SPN, PTPRC, and SELPLG - encoding CD43, CD45, and CD162/PSGL-1, respectively) in JVM-3 were disrupted with CRISPR-Cas9
technology, and the cells were subjected to staining with Siglec-7-Fc. The disruption of individual genes led to a small but reproducible reduction in Siglec-7-Fc
binding. Data was normalized by the Siglec-7-Fc binding (in MFI) to control JVM-3 cells. *P < 0.05, and **P < 0.01, one-way ANOVA with Dunnett’s post hoc
test. Bars represent mean + SD of 6 independent experiments. (B) Effect of glycoprotein KO on NK cell cytotoxicity. Glycoprotein KO and control JVM-3 cells
were subjected to NK cell cytotoxicity assay. Disruption of CD45 and CD162/PSGL-1 led to increased sensitivity to NK cytotoxicity. A trend toward increased
sensitivity of CD43 KO cells to NK cytotoxicity was observed, but it was not statistically significant (*P < 0.05 and ***P < 0.001, repeated-measures one-way
ANOVA with Dunnett’s post hoc test). Bars represent mean + SD of 23 independent experiments.
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FIGURE 4 | ST6GalNAc-IV is responsible for Siglec-7 ligand glycotope synthesis. (A) Sialyltransferases expressed in JVM-3. The transcript level for STEGALNAC4
was the highest among ST6GALNACS, whereas that for ST8SIA4 was the highest among ST8SIAs. Bars represent mean + SD of technical quadruplicates. (B) Effect
of sialyltransferase KO on Siglec-7-Fc binding. GNE and sialyltransferase genes (STEGALNAC4, ST8SIA4, and ST6GALT) in JVM-3 were disrupted with CRISPR-
Cas9 technology, and the cells were subjected to staining with Siglec-7—Fc. The disruption of GNE and STEGALNAC4 led to a marked reduction in Siglec-7-Fc
binding, whereas the disruption of ST8SIA4 and STEGAL1 did not. Data was normalized by the Siglec-7-Fc binding (in MFI) to control JVM-3 cells. **P < 0.001, and
P < 0.0001, one-way ANOVA with Dunnett’s post hoc test. Bars represent mean + SD of 6 independent experiments. (C) Effect of sialyltransferase KO on NK cell
cytotoxicity. Sialyltransferase KO and control JVM-3 cells were subjected to NK cell cytotoxicity assay. The disruption of GNE and STEGALNAC4 led to increased
sensitivity of JVM-3 cells to NK cytotoxicity, whereas the disruption of ST8SIA4 and STEGALT did not (*P < 0.05, repeated-measures one-way ANOVA with
Dunnett’s post hoc test). Bars represent mean + SD of 21 independent experiments.

TABLE 1 | Association of glycosyltransferase expression levels with the survival of patients with chronic lymphocytic leukemia.

Parameter Hazard ratio (95% CI) by univariate analysis Hazard ratio (95% CI) by multivariate analysis
with age and /IGHV mutation as covariates

Age (per year) 1.04 (1.01-1.07; P = 0.008) 1.04 (1.01-1.07; P = 0.015)
IGHV mutation (mutated/unmutated) 0.12 (0.06-0.24; P < 0.001) 0.15 (0.07-0.32; P < 0.001)
GCNT1 (G) and ST6GALNACH4 (S)
GhiahghighGhishglow 3.25 (1.07-9.91; P = 0.038) 1.87 (0.59-5.96; P = 0.289)
GlowghishGhishglow 7.61 (2.60-22.27; P < 0.001) 3.59 (1.16-11.12; P = 0.026)
Gowglow/ghisnglow 4.62 (1.03-20.88; P = 0.045) 1.38 (0.27-7.00; P = 0.701)

Analyses of the association of GCNT1 and STEGALNAC4 with mortality, with or without clinical covariates, were performed using International Cancer Genome Consortium data (n = 264)
as described in Methods. The cutoff value for sample subgrouping was based on the optimal cutofffor gene expression (3.3 and 10.3 for GCNT1 and STEGALNAC4, respectively) fitted in
the Cox proportional hazards model. P values are based on likelihood ratio test. Cl, confidence interval.
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recognizes 02-8-linked oligosialic acids ([Neu5Ac0:2-8]n; n =
2), disialyl N-acetyllactosamine (Neu5Aco2-3Galf1-4
[Neu5Ac02-6]GIcNAcP1-), and a terminal tetrasaccharide of
o-series gangliosides (Neu5Aco2-3GalB1-3[Neu5Aco2-6]
GalNAcP1-) (46-51), which are elaborated by ST8Sia and the
ST6GalNAc family of sialyltransferases, respectively. Therefore,
we analyzed the expression profiles of these sialyltransferases in
the JVM-3 cell line; we found that ST8SIA4 and ST6GALNAC4
were highly expressed (Figure 4A). As shown in Figure 4B,
ST6GALNAC4-deficient cells showed a clear reduction in Siglec-
7 binding, whereas those deficient in ST8SIA4 or ST6GALI did
not. As expected, JVM-3 cells deficient in GNE (encoding UDP-
GlcNAc 2-epimerase/ManNAc 6-kinase, the first enzyme in the
sialic acid biosynthesis pathway) also showed a clear reduction in
Siglec-7 binding (Figure 4B).

To test whether the JVM-3 cells deficient in Siglec-7 glycotope
are more sensitive to NK cell cytotoxicity, we subjected the
cells to cytotoxicity assay. As expected, STEGGALNAC4 and
GNE deficient cells were more sensitive to NK cell cytotoxicity
than the control cells were, whereas ST8SIA4 and ST6GALI
deficient cells were not (Figure 4C). Taken together, these
results indicate that ST6GALNAC4 is responsible for the
biosynthesis of the glycotope that protects CLL B cells from
NK cell cytotoxicity.

The disialyl-T Structure Is the CLL
Glycotope Recognized by Siglec-7

To determine the glycotope elaborated by ST6GalNAc-IV, we
subjected the control and ST6GALNA C4-deficient JVM-3 cells to
quantitative O-glycan analysis by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). As shown in
Figure 5, control JVM-3 cells predominantly expressed
variably sialylated core 1 O-glycan (Galf1-3GalNAcol-)
structures, with disialyl-T (Neu5Aco2-3GalB1-3[Neu5Aco2—-
6]GalNAcol-) being the most abundant. By contrast,
ST6GALNAC4-deficient JVM-3 cells showed a significant loss
of disialyl-T as well as a concomitant increase in monosialyl-T
(Neu5Ac02-3GalP1-3GalNAcol-) and core 2 O-glycan
structures (e.g., GalP1-3[GalB1-4GlcNAcB1-6]GalNAcol-).
These results strongly suggest that disialyl-T is the primary
glycotope on CLL B cells recognized by Siglec-7. We noticed
that the trisialyl-T structure (Neu5Aco2-3GalP1-3[Neu5Aco2-
8Neu5Aco2-6]GalNAcol- and/or Neu5Aco2-8Neu5Aco2-
3GalP1-3[Neu5Ac0o2-6]GalNAcol-) was reduced in
ST6GALNAC4-deficient JVM-3 cells and further diminished in
ST8SIA4-deficient cells, suggesting that disialyl-T serves as an
acceptor substrate for ST8Sia-IV. Nevertheless, as ST8SIA4
deficiency neither impaired Siglec-7 binding nor enhanced NK
cell cytotoxicity, O-glycans with linear oligosialic acids do not
appear to be essential for Siglec-7 binding or the resistance of
CLL B cells to NK cell cytotoxicity.

Expression of GCNT1 Interferes With the
Biosynthesis of Siglec-7 Ligands

MEC-1 cells are more sensitive to NK cell cytotoxicity compared
with JVM-3 cells (Figure 6A), which coincided with weaker

Siglec-7 binding (Figure 2A). Given that (i) the addition of
GIcNAc at C6 of GalNAc by core 2 GlcNAc transferase
(encoded by GCNTI) precludes the sialylation at the same
position by ST6GalNAc-IV (Figure 6B) and (ii) the expression
level of GCNTI in MEC-1 is higher than that in JVM-3
(Figure 6C), we speculated that the expression of GCNTI
interferes with the expression of Siglec-7 glycotope in MEC-1
cells. As expected, GCNTI disruption in MEC-1 cells enhanced
Siglec-7 binding (Figure 6D). To confirm the effects of GCNTI
and ST6GALNAC4 on Siglec-7 ligand expression, we quantified
their transcript levels by qRT-PCR and analyzed their association
with Siglec-7 ligand levels on B cells from CLL patients. As
expected, high expression of GCNT1 was associated with weaker
Siglec-7 binding, whereas the expression of STEGALNAC4 showed
a positive correlation with Siglec-7 binding (Figure 6E).

High Expression of STEGALNAC4 and Low
Expression of GCNT1 Are Associated With
Poor Prognosis in CLL Patients

To test whether the expression levels of STEGALNAC4 and
GCNTI1 show any association with the prognosis of CLL
patients, we analyzed the correlations between the overall
survival of CLL patients and the expression levels of these genes
using the CLL RNA sequencing data set in the International
Cancer Genome Consortium database (37, 53). RNA sequencing
data of the patients with CLL or small cell lymphoma and with
survival data (n = 255 and n = 9, respectively; total n = 264) were
included in the analysis. Our analysis revealed that high
ST6GALNAC4 expression and low GCNTI expression are
associated with poor prognosis (Figure 7A, B, respectively).
Moreover, by comparing four groups of patients stratified by
ST6GALNAC4 and GCNT1I expression levels, we found that the
prognosis of GCNTI'VST6GALNAC4™" patients is the least
favorable (overall, P = 0.00015; GCNTI'®YST6GALNAC4"¢" vs.
GCNT1"8"ST6GALNAC4™ groups, P < 0.001; Figure 7C). This
association remained significant even when age and IGHV
mutation status (a strong prognostic factor for CLL) were
included as covariates (P = 0.026; Table 1). Taken together,
these results suggest that the expression of the disialyl-T
structure is associated with poor prognosis in CLL patients,
possibly through immunoevasion by engagement of Siglec-7 on
NK cells.

DISCUSSION

In this study, we demonstrated that B cells from CLL patients
express higher levels of Siglec-7 ligands compared with those
from healthy donors and that the ligands protect B cells from NK
cell cytotoxicity. The glycotope recognized by Siglec-7 is the
disialyl-T (Neu5Aco2-3Galf1-3[Neu5Aca2-6]GalNAcol-)
structure, which was exhibited on various counterreceptors,
including CD43, CD45, and CD162/PSGL-1. The glycan
epitope was synthesized by ST6GalNAc-IV (encoded by
ST6GALNAC4), and its synthesis was blocked by core 2
GlcNAc transferase (encoded by GCNTI). The expression
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FIGURE 5 | ST6GalNAc-IV is responsible for the biosynthesis of disialyl-T in JVM-3 cells. (A) O-glycans were released by reductive elimination from control
(gray), STEGALNAC4 KO (yellow), and ST8SIA4 KO (blue) JVM-3 cells; permethylated; and subjected to liquid chromatography with tandem mass spectrometry
analysis. Except for monosialyl-T (NeubAca2—-3GalB1-3GalNAca1- or Galp1-3[NeubAca2-6]GalNAca.1-), which could be resolved by liquid chromatography
into two distinct isomeric structures, and trisialyl-T, which consisted of two unresolved positional isomers (NeubAca2-3Galp1-3[NeubAca2—-8Neu5Aco2-6]
GalNAco1- and NeusAca2—-8NeusAca2—-3GalB1-3[NeubAca2-6]GalNAca1-), each of the other O-glycans was found to be represented by a single dominating
structure, as determined by tandem mass spectrometry and annotated accordingly using the Symbol Nomenclature for Glycans (52). Relative abundance was
calculated from the peak areas of extracted ion chromatograms and normalized to the percentage total. Disruption of STEGALNACH4 resulted in a reduction in
the disialyl-T (NeubAca2-3GalB1-3[Neub5Aco2-6]GalNAca1-) structure and a concomitant increase in the monosialyl-T (NeubAca2-3Galp1-3GalNAca.1-) and
core 2 (e.g., Galp1-3[Galp1-3GIcNAcB1-6]GalNAca1-) structures. Disruption of ST8SIA4 resulted in the loss of the trisialyl-T structure. (B) Stacked bar chart of
the same data shown in panel (A), along with the color code used for each of the eight major O-glycans identified and quantified.

levels of these two glycosyltransferases were associated with the
overall survival of CLL patients, and the pattern predictive of
high disialyl-T expression (GCNTI'“ST6GALNAC4"¢") was
associated with poor prognosis. These data imply that the
mechanism underlying the poor prognosis in
GCNTI'“ST6GALNAC4™€" patients likely involves the high
expression of the disialyl-T structure, which may facilitate
immunoevasion by engaging Siglec-7 on NK cells.

The O-glycosylation pattern of human B cells has been
previously reported to change during differentiation, and a

reduction in GCNT1 expression and a concomitant shortening
of O-glycans were observed in the cells that have undergone
germinal center reaction (54). Research has also shown that the
level of Siglec-7 ligands on human B cells changes during
differentiation, with naive and memory cells expressing high
levels of Siglec-7 ligands, whereas it decreases temporarily on
activated naive cells (55). Therefore, the expression level of
Siglec-7 ligands potentially reflects the differentiation stage of
the B-cell clone that gave rise to CLL. However, our analysis
(data not shown) indicated that GCNT1 expression is higher in
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was higher in JVM-3, whereas GCNT1 expression was higher in MEC-1 (P < 0.05, **P < 0.01, and **P < 0.001; Student’s t test). Bars represent mean + SD of
technical replicates (n = 3-6). (D) Effect of GCNT1 disruption in MEC-1 cells on Siglec-7-Fc binding. (E) Correlation of the GCNT1 and STEGALNAC4 transcript
levels and Siglec-7—-Fc binding (in median fluorescence intensity [MFI]) to B cells from patients with chronic lymphocytic leukemia (n = 10). Association between gene

IGHV-mutated CLL (reflecting somatic hypermutation in
germinal center), which is opposite of our expectation [i.e.,
GCNT1I expression diminishes during B-cell maturation (54)].
Regardless, when the IGHV mutation status was included in the
multivariate analysis, the association between overall survival
and the ST6GGALNAC4 and GCNT1 expression levels remained
significant (Table 1). Thus, STEGALNAC4 and GCNT1I
transcription and disialyl-T expression levels may serve as
independent criteria for the prognosis of CLL patients.

The observed association of GCNT1 expression with CLL
prognosis is incongruent with data reported for solid tumors
(e.g., bladder and prostate cancers), in which high expression of
GCNT1I was associated with poor prognosis, presumably through
the protection of tumors from NK cells (56-58). We speculate

that this discrepancy can be attributed to the difference in the
lectins and counterreceptors involved. The extension of
polylactosamine on the core 2 O-glycans on major
histocompatibility complex class I polypeptide-related
sequence A (MICA) was found to reduce its binding with the
cognate receptor NK group 2 member D (NKG2D) on NK cells,
both directly and by way of binding with galectin-3 (58). The cell
lines we used (JVM-3 and MEC-1) expressed low levels of MICA
(data not shown). MICA was slightly upregulated on B cells from
CLL patients compared with those from healthy donors, whereas
high plasma levels of soluble NKG2D ligands (soluble MICA,
MICB, and UL16 binding protein 2) were associated with poor
treatment-free survival of CLL patients (59), suggesting that
soluble NKG2D ligands may compromise NKG2D-mediated
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the survival curves of four subgroups are significantly different (P = 0.00015), and the prognosis of GCNT1'°"STEGALNAC4™" patients was significantly poorer as
compared with that of GCNT1""STEGALNACA"®" patients (P < 0.001, likelihood ratio test; see also Table 1).

NK cell activation in CLL. In addition, as the polylactosamine
extension on O-glycans on B cells is limited (data not shown),
interruption of the MICA-NKG2D interaction by
polylactosamine may not play a major role in CLL. Regardless,
the difference in the role of GCNTI between solid tumors and
CLL underscores the importance of understanding the nature of
the glycotope and counterreceptors serving as ligands for Siglecs.

Two recent studies independently identified CD43 as a Siglec-
7 counterreceptor on the K562 erythroleukemia cell line, which is
often used as a target for NK cytotoxicity assays, and
demonstrated that knockout/knockdown of CD43 renders
K562 cells more sensitive to NK cytotoxicity (34, 60). By
contrast, our analysis revealed that CD43 is not the sole
counterreceptor for Siglec-7. The difference between K562 and
CLL may be explained by the different repertoires of
glycoproteins expressed on these cells. For instance, K562 cells
express CD43, but not CD162/PSGL-1, at high levels (data not

shown). Another recent study, investigating the resistance of
multiple myeloma cells to NK cytotoxicity, revealed that multiple
myeloma cells express high level of Siglec-7 ligand, and CD162/
PSGL-1 is a major Siglec-7 counterreceptor on multiple
myeloma cells (61). Yet another recent study using a
genetically manipulated HEK293T cell line demonstrated that
GCNTI1 and ST6GALNACs regulate the expression of Siglec-7
glycotope, which the authors deduced to be disialyl-T, and found
a strong dependence of Siglec-7 binding on the type of
counterreceptor expressed (62).

NK cells in CLL patients have been reported to be functionally
impaired (63). Although the subject is beyond the scope of this
study, Siglec-7 ligands on CLL B cells can be hypothesized to
induce the state of NK cell exhaustion by engaging Siglec-7. If
this is true, then blocking the interaction between Siglec-7 on NK
cells and its ligands on CLL B cells may restore the cytotoxic
activity of NK cells.
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Our study has some limitations. Although our analysis of
Taiwanese CLL patient samples found correlations between
GCNTI and ST6GALNAC4 expression levels and Siglec-7
glycotope (Figure 6E), the findings are not definitive because
of the limited number of samples. Moreover, the clinical benefit
of glycotope testing remains unknown. A prospective study
enrolling more patients would address this issue better.
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