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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/
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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 10−3 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).
Frontiers in Immunology | www.frontiersin.org 2
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 foldingof recombinantprotein (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 formationof ahigher 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.Artificiallydesignedhelical bundleoligomer tags, forminghomo-
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.
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.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jiang et al. Methods for Siglec Ligand Identification
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)
Frontiers in Immunology | www.frontiersin.org 3
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 106 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
A

B

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


Jiang et al. Methods for Siglec Ligand Identification
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
Frontiers in Immunology | www.frontiersin.org 4
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).
AUTHOR CONTRIBUTIONS

TA conceptualized the content of the review and wrote the first
draft. H-SJ, S-CZ, CHL, and L-YC performed literature search
and revised the manuscript. All authors contributed to the article
and approved the submitted version.
FUNDING

This work is supported by intramural grants from Academia
Sinica, Taiwan (AS-TP-108-ML06, AS-KPQ-110-BioMed, AS-
GC-110-MD04, and AS-GC-111-M03).
ACKNOWLEDGMENTS

We thank the members of the Angata Laboratory for discussion.
December 2021 | Volume 12 | Article 813082

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


Jiang et al. Methods for Siglec Ligand Identification
REFERENCES
1. Varki A, Angata T. Siglecs - The Major Subfamily of I-Type Lectins.

Glycobiology (2006) 16(1):1R–27R. doi: 10.1093/glycob/cwj008
2. Crocker P, Paulson J, Varki A. Siglecs and Their Roles in the Immune System.

Nat Rev Immunol (2007) 7(4):255–66. doi: 10.1038/nri2056
3. Pillai S, Netravali I, Cariappa A, Mattoo H. Siglecs and Immune Regulation.Annu

Rev Immunol (2012) 30:357–92. doi: 10.1146/annurev-immunol-020711-075018
4. Macauley M, Crocker P, Paulson J. Siglec-Mediated Regulation of Immune

Cell Function in Disease. Nat Rev Immunol (2014) 14(10):653–66. doi:
10.1038/nri3737

5. 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

6. Jandus C, Boligan K, Chijioke O, Liu H, Dahlhaus M, Demoulins T, et al.
Interactions Between Siglec-7/9 Receptors and Ligands Influence NK Cell-
Dependent Tumor Immunosurveillance. J Clin Invest (2014) 124(4):1810–20.
doi: 10.1172/JCI65899

7. 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(11):4912–23.
doi: 10.1172/JCI120612

8. Barkal AA, Brewer RE, Markovic M, Kowarsky M, Barkal SA, Zaro BW, et al.
CD24 Signalling Through Macrophage Siglec-10 Is a Target for Cancer
Immunotherapy. Nature (2019) 572(7769):392–6. doi: 10.1038/s41586-019-1456-0

9. Gonzalez-Gil A, Schnaar RL. Siglec Ligands. Cells (2021) 10(5):1260. doi:
10.3390/cells10051260

10. Chang LY, Low PY, Sridharan D, Gerlovin K, Angata T. Preparation of
Recombinant Siglecs and Identification of Their Ligands. Methods Mol Biol
(2020) 2132:85–98. doi: 10.1007/978-1-0716-0430-4_9

11. Gonzalez-Gil A, Porell RN, Fernandes SM, Wei Y, Yu H, Carroll DJ, et al.
Sialylated Keratan Sulfate Proteoglycans are Siglec-8 Ligands in Human
Airways. Glycobiology (2018) 28(10):786–801. doi: 10.1093/glycob/cwy057

12. Thomson AR, Wood CW, Burton AJ, Bartlett GJ, Sessions RB, Brady RL, et al.
Computational Design of Water-Soluble Alpha-Helical Barrels. Science (2014)
346(6208):485–8. doi: 10.1126/science.1257452

13. Laubli H, Alisson-Silva F, Stanczak M, Siddiqui S, Deng L, Verhagen A, et al.
Lectin Galactoside-Binding Soluble 3 Binding Protein (LGALS3BP) Is a
Tumor-Associated Immunomodulatory Ligand for CD33-Related Siglecs.
J Biol Chem (2014) 289(48):33481–91. doi: 10.1074/jbc.M114.593129

14. Fong JJ, Sreedhara K, Deng L, Varki NM, Angata T, Liu Q, et al.
Immunomodulatory Activity of Extracellular Hsp70 Mediated via Paired
Receptors Siglec-5 and Siglec-14. EMBO J (2015) 34(22):2775–88. doi:
10.15252/embj.201591407

15. Gonzalez-Gil A, Li TA, Porell RN, Fernandes SM, Tarbox HE, Lee HS, et al.
Isolation, Identification, and Characterization of the Human Airway Ligand
for the Eosinophil and Mast Cell Immunoinhibitory Receptor Siglec-8.
J Allergy Clin Immunol (2021) 147(4):1442–52. doi: 10.1016/j.jaci.2020.08.001

16. Han S, Collins B, Bengtson P, Paulson J. Homomultimeric Complexes of
CD22 in B Cells Revealed by Protein-Glycan Cross-Linking. Nat Chem Biol
(2005) 1(2):93–7. doi: 10.1038/nchembio713

17. Ramya T, Weerapana E, Liao L, Zeng Y, Tateno H, Liao L, et al. In Situ Trans
Ligands of CD22 Identified by Glycan-Protein Photocross-Linking-Enabled
Proteomics. Mol Cell Proteomics (2010) 9(6):1339–51. doi: 10.1074/
mcp.M900461-MCP200

18. Chang L, Chen YJ, Fan CY, Tang CJ, Chen YH, Low PY, et al. Identification of
Siglec Ligands Using a Proximity Labeling Method. J Proteome Res (2017) 16
(10):3929–41. doi: 10.1021/acs.jproteome.7b00625

19. Wu G, Nagala M, Crocker PR. Identification of Lectin Counter-Receptors on
Cell Membranes by Proximity Labeling. Glycobiology (2017) 27(9):800–5. doi:
10.1093/glycob/cwx063

20. Alborzian Deh Sheikh A, Akatsu C, Imamura A, Abdu-Allah HHM,
Takematsu H, Ando H, et al. Proximity Labeling of Cis-Ligands of CD22/
Siglec-2 Reveals Stepwise Alpha2,6 Sialic Acid-Dependent and -Independent
Interactions. Biochem Biophys Res Commun (2018) 495(1):854–9. doi:
10.1016/j.bbrc.2017.11.086

21. BobrowMN, Harris TD, Shaughnessy KJ, Litt GJ. Catalyzed Reporter Deposition,
a Novel Method of Signal Amplification. Application to Immunoassays.
J Immunol Methods (1989) 125(1-2):279–85. doi: 10.1016/0022-1759(89)90104-X
Frontiers in Immunology | www.frontiersin.org 5
22. Rhee HW, Zou P, Udeshi ND, Martell JD, Mootha VK, Carr SA, et al.
Proteomic Mapping of Mitochondria in Living Cells via Spatially Restricted
Enzymatic Tagging. Science (2013) 339(6125):1328–31. doi: 10.1126/
science.1230593

23. Stamenkovic I, Sgroi D, Aruffo A, Sy M, Anderson T. The B Lymphocyte
Adhesion Molecule CD22 Interacts With Leukocyte Common Antigen
CD45RO on T Cells and Alpha 2-6 Sialyltransferase, CD75, on B Cells. Cell
(1991) 66(6):1133–44. doi: 10.1016/0092-8674(91)90036-X

24. Leprince C, Draves KE, Geahlen RL, Ledbetter JA, Clark EA. CD22 Associates
With the Human Surface IgM-B-Cell Antigen Receptor Complex. Proc Natl
Acad Sci USA (1993) 90(8):3236–40. doi: 10.1073/pnas.90.8.3236

25. Powell L, Jain R, Matta K, Sabesan S, Varki A. Characterization of
Sialyloligosaccharide Binding by Recombinant Soluble and Native Cell-
Associated CD22. Evidence for a Minimal Structural Recognition Motif and
the Potential Importance of Multisite Binding. J Biol Chem (1995) 270:7523–
32. doi: 10.1074/jbc.270.13.7523

26. Zhang M, Varki A. Cell Surface Sialic Acids do Not Affect Primary CD22
Interactions With CD45 and Sigm, Nor the Rate of Constitutive CD22
Endocytosis. Glycobiology (2004) 14:939–49. doi: 10.1093/glycob/cwh126

27. Li XW, Rees JS, Xue P, Zhang H, Hamaia SW, Sanderson B, et al. New Insights
Into the DT40 B Cell Receptor Cluster Using a Proteomic Proximity Labeling
Assay. J Biol Chem (2014) 289(21):14434–47. doi: 10.1074/jbc.M113.529578

28. Joeh E, O'Leary T, Li W, Hawkins R, Hung JR, Parker CG, et al. Mapping
Glycan-Mediated Galectin-3 Interactions by Live Cell Proximity Labeling. Proc
Natl Acad Sci USA (2020) 117(44):27329–38. doi: 10.1073/pnas.2009206117

29. Vilen Z, Joeh E, Critcher M, Parker CG, Huang ML. Proximity Tagging
Identifies the Glycan-Mediated Glycoprotein Interactors of Galectin-1 in
Muscle Stem Cells. ACS Chem Biol (2021) 16(10):1994–2003. doi: 10.1021/
acschembio.1c00313

30. Martell JD, Deerinck TJ, Sancak Y, Poulos TL, Mootha VK, Sosinsky GE, et al.
Engineered Ascorbate Peroxidase as a Genetically Encoded Reporter for Electron
Microscopy. Nat Biotechnol (2012) 30(11):1143–8. doi: 10.1038/nbt.2375

31. Lam SS, Martell JD, Kamer KJ, Deerinck TJ, Ellisman MH, Mootha VK, et al.
Directed Evolution of APEX2 for Electron Microscopy and Proximity
Labeling. Nat Methods (2015) 12(1):51–4. doi: 10.1038/nmeth.3179

32. Steentoft C, Vakhrushev SY, Vester-Christensen MB, Schjoldager KT, Kong
Y, Bennett EP, et al. Mining the O-Glycoproteome Using Zinc-Finger
Nuclease-Glycoengineered SimpleCell Lines. Nat Methods (2011) 8(11):977–
82. doi: 10.1038/nmeth.1731

33. Narimatsu Y, Joshi HJ, Nason R, Van Coillie J, 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(2):394–407 e5. doi:
10.1016/j.molcel.2019.05.017

34. Bull C, Nason R, Sun L, Van Coillie J, Madriz Sorensen D, Moons SJ, et al.
Probing the Binding Specificities of Human Siglecs by Cell-Based Glycan
Arrays. Proc Natl Acad Sci USA (2021) 118(17):e2026102118. doi: 10.1073/
pnas.2026102118

35. Jung J, Enterina JR, Bui DT, Mozaneh F, Lin PH, Nitin, et al. Carbohydrate
Sulfation As a Mechanism for Fine-Tuning Siglec Ligands. ACS Chem Biol
(2021) 6(11):2673–89. doi: 10.1021/acschembio.1c00501

36. 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):e2015024118. doi: 10.1073/pnas.2015024118

37. 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) 296:100477. doi: 10.1016/j.jbc.2021.100477

38. Platt RJ, Chen S, Zhou Y, YimMJ, Swiech L, Kempton HR, et al. CRISPR-Cas9
Knockin Mice for Genome Editing and Cancer Modeling. Cell (2014) 159
(2):440–55. doi: 10.1016/j.cell.2014.09.014

39. Joung J, Konermann S, Gootenberg JS, Abudayyeh OO, Platt RJ, Brigham MD,
et al. Genome-Scale CRISPR-Cas9 Knockout and Transcriptional Activation
Screening. Nat Protoc (2017) 12(4):828–63. doi: 10.1038/nprot.2017.016

40. Pech MF, Fong LE, Villalta JE, Chan LJ, Kharbanda S, O'Brien JJ, et al.
Systematic Identification of Cancer Cell Vulnerabilities to Natural Killer Cell-
Mediated Immune Surveillance. Elife (2019) 8:e47362. doi: 10.7554/eLife.47362

41. Pan D, Kobayashi A, Jiang P, Ferrari de Andrade L, Tay RE, Luoma AM, et al.
A Major Chromatin Regulator Determines Resistance of Tumor Cells to T
December 2021 | Volume 12 | Article 813082

https://doi.org/10.1093/glycob/cwj008
https://doi.org/10.1038/nri2056
https://doi.org/10.1146/annurev-immunol-020711-075018
https://doi.org/10.1038/nri3737
https://doi.org/10.1146/annurev-immunol-102419-035900
https://doi.org/10.1172/JCI65899
https://doi.org/10.1172/JCI120612
https://doi.org/10.1038/s41586-019-1456-0
https://doi.org/10.3390/cells10051260
https://doi.org/10.1007/978-1-0716-0430-4_9
https://doi.org/10.1093/glycob/cwy057
https://doi.org/10.1126/science.1257452
https://doi.org/10.1074/jbc.M114.593129
https://doi.org/10.15252/embj.201591407
https://doi.org/10.1016/j.jaci.2020.08.001
https://doi.org/10.1038/nchembio713
https://doi.org/10.1074/mcp.M900461-MCP200
https://doi.org/10.1074/mcp.M900461-MCP200
https://doi.org/10.1021/acs.jproteome.7b00625
https://doi.org/10.1093/glycob/cwx063
https://doi.org/10.1016/j.bbrc.2017.11.086
https://doi.org/10.1016/0022-1759(89)90104-X
https://doi.org/10.1126/science.1230593
https://doi.org/10.1126/science.1230593
https://doi.org/10.1016/0092-8674(91)90036-X
https://doi.org/10.1073/pnas.90.8.3236
https://doi.org/10.1074/jbc.270.13.7523
https://doi.org/10.1093/glycob/cwh126
https://doi.org/10.1074/jbc.M113.529578
https://doi.org/10.1073/pnas.2009206117
https://doi.org/10.1021/acschembio.1c00313
https://doi.org/10.1021/acschembio.1c00313
https://doi.org/10.1038/nbt.2375
https://doi.org/10.1038/nmeth.3179
https://doi.org/10.1038/nmeth.1731
https://doi.org/10.1016/j.molcel.2019.05.017
https://doi.org/10.1073/pnas.2026102118
https://doi.org/10.1073/pnas.2026102118
https://doi.org/10.1021/acschembio.1c00501
https://doi.org/10.1073/pnas.2015024118
https://doi.org/10.1016/j.jbc.2021.100477
https://doi.org/10.1016/j.cell.2014.09.014
https://doi.org/10.1038/nprot.2017.016
https://doi.org/10.7554/eLife.47362
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jiang et al. Methods for Siglec Ligand Identification
Cell-Mediated Killing. Science (2018) 359(6377):770–5. doi: 10.1126/
science.aao1710

42. Kamber RA, Nishiga Y, Morton B, Banuelos AM, Barkal AA, Vences-Catalan F,
et al. Inter-Cellular CRISPR Screens Reveal Regulators of Cancer Cell
Phagocytosis. Nature (2021) 597(7877):549–54. doi: 10.1038/s41586-021-03879-4

43. Dance A. Refining the Toolkit for Sugar Analysis. Nature (2021) 599
(7883):168–9. doi: 10.1038/d41586-021-03000-9
Conflict of Interest: The 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.
Frontiers in Immunology | www.frontiersin.org 6
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 Jiang, Zhuang, Lam, Chang and Angata. 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.
December 2021 | Volume 12 | Article 813082

https://doi.org/10.1126/science.aao1710
https://doi.org/10.1126/science.aao1710
https://doi.org/10.1038/s41586-021-03879-4
https://doi.org/10.1038/d41586-021-03000-9
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

	Recent Progress in the Methodologies to Identify Physiological Ligands of Siglecs
	Introduction
	Methodologies to Identify Siglec Ligands
	Affinity Purification With a New Design of Recombinant Siglec Protein
	Proximity Labeling
	Genetically Modified Cell Array
	Genome-Wide Knockout/Knockdown Screening

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


