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ABSTRACT
◥

The sialic acid–binding immunoglobulin-like lectin (Siglec)–
sialic acid immune axis is an evolutionarily conserved immuno-
regulatory pathway that provides a mechanism for establishing
self-recognition and combatting invasive pathogens. Perturba-
tions in the pathway lead to many immune dysregulated diseases,
including autoimmunity, neurodegeneration, allergic conditions,

and cancer. The purpose of this review is to provide a brief
overview of the relationship between Siglecs and sialic acid as
they relate to human health and disease, to consider current
Siglec-based therapeutics, and to discuss new therapeutic
approaches targeting the Siglec–sialic acid immune axis, with
a focus on cancer.

Introduction
Sialic acid–binding immunoglobulin-like lectin (Siglec) receptors

are key proteins involved in surveying surface glycans in vertebrates,
and they are broadly expressed on innate and adaptive immune
cells (1, 2). These proteins evolved concurrently with the recombina-
tion-activating genes RAG1 and RAG2, which are responsible for
generating the diverse array of antigen receptors in the immune
system. Siglecs, therefore, likely represent a critical mechanism for
tempering immune responses andminimizing autoimmunity from the
highly potent adaptive immune response system (3). The Siglec family
consists of 15 receptors in humans, most commonly expressed on
innate immune cells, although some members are expressed on
lymphoid cells [e.g., Siglec-2 (also known as CD22) on B cells, and
Siglec-5, -7, and -9 on activated T cells] or stromal cells such as
astrocytes [e.g., Siglec-4 (also known as MAG-4)] (2).

Siglecs have been studied as therapeutic targets in cancer for many
years (4). This is primarily because Siglec family members are lineage
markers on malignant immune cells and thus can be used to target a
cytotoxic payload to the malignant cells (5). The two most prominent
examples of this are Siglec-2 (CD22) onB-cellmalignancies and Siglec-3
(CD33) onmyeloid leukemias. Considering the increased Siglec expres-
sion in some cancers, the development of Siglec-targeting therapeutics
has focused on eliminating Siglec-expressing cells. Recently, the clinical
successes of immunecheckpoint inhibitors havehighlighted thepotency
and durability of immunomodulatory therapies in cancer (6). Although
the antitumor activity of checkpoint inhibitors can be remarkable, some
patients do not benefit, and it is likely that negative regulatory elements,
including inhibitory Siglecs, contribute to these failures (5). With a
deeper understanding of Siglecs and their role in inhibiting anticancer
immune responses, therapies are now being developed to disrupt the

Siglec–sialic acid immune axis (6). Together, the potential to utilize
Siglecs to deliver a cytotoxic payload and to modulate the immune–
cancer axis strongly suggest that the Siglec family is an attractive
target class for generating new anticancer therapeutics (5, 6). More
detailed reviews on the function and biology of Siglec receptors have
been published previously (7–9). In this review, we focus on the
therapeutic targeting of Siglec receptors for cancer therapy.

Functional Roles of Siglec Interactions
with the Sialic Acid Glycocalyx

The glycocalyx is a functional system composed of proteoglycans,
glycosphingolipids, and glycoproteins; it surrounds all eukaryotic cells,
is involved in cell-to-cell communication and recognition of self,
provides a protective barrier against pathogens, andmodulates inflam-
mation and repair (5, 10). Within the glycocalyx, the sugar codes are
diverse and biosynthesis of glycans is distinct from that of proteins,
primarily in that it is not template based and depends on gene
expression of relevant enzymes, availability of substrates, and structure
of the protein to which the glycans are attached (11–13). All jawed
vertebrates have cell-surface glycans that terminate with sialic acid
residues. Although approximately 50 different sialic acid residues have
been identified in nature, N-acetylneuraminic acid (Neu5Ac) is the
most abundant in humans and serves as a key marker of self in glycan-
coding sequences (6, 14). Specific types of sialic acids are found, such as
N-glycolylneuraminic acid (Neu5Gc), which is derived from food
sources, and 9-O-acetylated-Neu5Ac (11). In addition to sialic acid,
eight other specific sugar moieties are used to generate the cell-surface
immunemarkers in humans (Fig. 1; ref. 15). UnlikeDNAand proteins
that use linear sequences to encode unique structures, glycan struc-
tures take on increased complexity through branching due to differ-
ences in composition, anomeric form, linkage, and substitution of
monosaccharides, with the terminal sialic acid residue often playing a
large role in cell-to-cell interactions (15).

One of the functions of sialic acid–containingglycans, or sialoglycans,
is to serve as self-associated molecular patterns (SAMP), which help to
differentiate self from nonself and appropriately dampen the immune
system (5, 16–18). In contrast to SAMPs, pathogen-associated molec-
ular patterns anddanger-associatedmolecular patterns trigger increased
immune activity (18). However, under abnormal circumstances, aber-
rant glycosylation can negatively impact immune regulation, and
alterations in glycosylation have been associated with cancer and
inflammatory diseases such as immunoglobulin A (IgA) nephropathy,
systemic lupus erythematosus, and inflammatory bowel disease (19).
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Changes in sialic acid glycosylation can be mediated through various
mechanisms, including availability of glycan substrates and expression
of sialyltransferases. These changes can be a sign of malignant trans-
formation of cells, with hypersialylation common in cancer (20).

Siglecs are cell-surface receptors resembling the Ig superfamily.
They contain an extracellular domainwith a variable number of C2-set
Ig-like domains, which is similar to the constant regions of antibodies,
and an amino terminal domain with a V-set variable region, which is
similar to the variable domain of antibodies. The V-set domain
contains a carbohydrate-recognition domain that facilitates binding
to sialic acid–containing ligands; it is the variability within this domain
that provides additional specificity across the spectrum of sialic acid
codes that are represented on cell surfaces (7, 16, 21, 22). There is
evidence that in addition to binding sialic acid ligands, Siglecsmay also
be able to bind protein ligands, including endogenous and exogenous
proteins from pathogens (5).

The 15 human Siglecs can be divided into two main subgroups
based on their sequence similarity and evolutionary conservation
(Fig. 2). The conserved Siglec group contains Siglec-1 (sialoadhesin),
which is primarily involved in monocyte/macrophage interactions
with other cell types; Siglec-2 (CD22), which is involved in B-cell
receptor antagonism in B cells; Siglec-4, which is involved in preser-

vation of myelination by oligodendrocytes and Schwann cells; and
Siglec-15, which is an important receptor in bone formation and
immune regulation. The other group encompasses all CD33-related
Siglecs (Siglec-3, -5 through -12, -14, and -16), which function prim-
arily in immunomodulation and inhibitory regulation of cell growth
and proliferation (1). The genetics of Siglecs shed light on their
evolutionary history and function. In humans, SIGLEC1 is located
on chromosome 20, SIGLEC2 and SIGLEC4 are near each other on
chromosome 19, and the majority of the CD33-related Siglecs
are clustered within an approximately 500-kb region of chromo-
some 19q13.3–13.4 (1, 12, 23, 24). The CD33-related Siglecs are an
expanded group associated with mammalian evolution, and are less
conserved across mammalian species, sharing approximately 50%
to 99% identity. They are quickly evolving through multiple pro-
cesses, including gene duplication, exon shuffling, exon loss, and
gene conversion (1, 2, 7, 16, 21, 25–27). During recent evolution,
Siglec-13 and Siglec-17 became inactive—similar pseudogenes can
be found in the genomes of early hominoids such as the Neander-
thal and Denisovan (28). Siglec-12, expressed on epithelial cells and
cancer cells, is often referred to as Siglec-XII because of the loss of
its capacity to bind to sialic acid ligands in humans (28). However,
most of the CD33-related Siglecs are mainly expressed on immune
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Figure 1.

Sugar building blocks of human cell-surface immune markers. The sugar moieties shown in A are common carbohydrate components of cell-surface molecules,
including sialoglycans, in humans, some of which serve as immune markers. The composition, branching anomeric form, and linkage lead to a diversity of molecules,
with Neu5Ac often being the sialic acid moiety in the outermost position and playing a key role in the interaction between cells. B shows an example of an N-linked
glycan in which glycosylation occurs at an asparagine residue (N) and an O-glycan in which glycosylation occurs at a serine or threonine residue (S/T). Sialic acids
other than Neu5Ac including O-acetylated-Neu5Ac or Neu5Gc can be sometimes found in cancer.
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cells and can modulate immune cell functions such as cell survival,
growth, and cytokine production (10, 16).

Siglecs may be immune activating or inhibitory depending on
receptor signaling domains found in the C-terminus. In humans,
three Siglecs have a positively charged amino acid within their
transmembrane domain: Siglec-14, Siglec-15, and Siglec-16. When
activated, these Siglecs can bind to the adaptor DAP12, which contains
an immunoreceptor tyrosine-based activation motif (ITAM), and
recruit SYK, which generally leads to immune activation (7, 10, 16, 27).
In contrast, 10 of the 15 Siglecs function to inhibit the immune system
through an immunoreceptor tyrosine-based inhibition motif (ITIM).
Signaling through the ITIM results in recruitment of tyrosine phos-
phatases, such as SHP1 and SHP2, which contain SH2 domains and
ultimately dampen the immune response (7, 10, 16, 27, 29). The
physiologic role of inhibitory Siglecs is to protect against excess
stimulation of the immune response through their interaction with
sialoglycans, which are displayed on mammalian cells but not on
pathogens. In support of this hypothesis, glycans that terminate with
sialic acid residues, which are therefore more likely to engage Siglecs,
induce lower levels of immunogenicity than other glycans in healthy
individuals (30). In addition to sialoglycans, Siglec receptors can also
bind to protein ligands in some instances (31–33).

Siglec–sialic acid signaling can occur in a cis or trans manner, and
signaling may be modulated depending on whether binding sites are
available or masked. Specifically, this means that sialic acid–decorated
glycans may engage Siglecs through cell–cell interactions, that is, in

trans, or through binding Siglecs on the immune cell expressing the
sialic acid–decorated ligands, that is, in cis. This latter phenomenon of
Siglec binding through cis interactions may be a mechanism for
immune cell autoregulation, complementing the trans interactions
that occur during immune surveillance of other cells. As with other
glycan-binding receptors, effective interactions require clustering of the
receptors and ligands (2, 16). Activating CD33-related Siglec receptors
(i.e., Siglec-14 and Siglec-16) most likely act as paired receptors on
immune cells together with their inhibitory counterparts. Siglec-5 and
Siglec-14, as well as Siglec-11 and Siglec-16, have very high sequence
homology in the first two domains and have an exact overlap of
sialoglycan binding (34). It is likely that activating receptors developed
to counteract bacteria that exploit inhibitory Siglec receptors.

Siglecs are the key immune receptors that bind to cell-surface sialic
acids, with interactions that ultimately lead to modulation of the
immune system (10, 16, 18, 25, 35–37). Siglec receptors are broadly
expressed on innate and adaptive immune cells. Malignant cells,
through hypersialylation, have increased binding to Siglecs, and it is
the interaction with inhibitory Siglecs that dampens the immune
response and enables metastasis (21, 38–42). Transformation into a
malignant cell often coincides with expression changes in genes that
code for glycosyltransferases, glycosidases, and other genes involved in
glycan synthesis. Genetic and epigenetic changes, transcription factor
activity, environmental cues, and metabolic changes may trigger the
changes in glycan synthesis that lead to hypersialylation on tumor
cells (13). In addition, changes in lysosomal and Golgi transporters, as
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Illustration of the structure and diversity of Siglecs. There are twomain groups of Siglecs, those which are highly conserved, as shown on the left, and amore diverse
group of CD33-related Siglecs, as shown on the right. All Siglecs have an extracellular V-type Ig domain and at least one C2-type Ig domain. Many Siglecs also contain
at least one cytoplasmic ITIM domain, involved in immunosuppressive signaling.
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well as in sialidases and sialyltransferases, appear to be involved in
hypersialylation of malignant cells (5).

The evolution of Siglecs has been shaped by continuous pressure
from pathogens and tumor cells that have developed mechanisms to
evade immune detection (17, 36, 43). Of importance, a balance must
be maintained between activation and inhibition of an immune
response, as an overactive immune response can lead to autoim-
mune disease (17).

Importance of Sialoglycan–Siglec
Interactions in Human Biology and
Disease

In the setting of CD33-related Siglecs and potential for immuno-
modulatory dysregulation, genetic association studies have demon-
strated relationships between a number of these Siglecs and various
clinical inflammatory disease states. For example, the association
between informative SNPs in SIGLEC3 and Alzheimer’s disease,
which is not considered an inflammatory disorder, arose from one
of the first genome-wide association studies (44–46). Further
genetic associations between CD33-related Siglecs and inflamma-
tory diseases include systemic lupus erythematosus (Siglec-6),
asthma (Siglec-8), and cancer (Siglec-3, -9, -12; ref. 36). With
immune responses playing a role in many diseases, including
cancer, targeting the immunomodulatory function of sialogly-
can–Siglec interactions has therapeutic potential (6).

Some Siglecs are expressed on specific immune cell types, which
provide a basis for understanding disease associations and highlights
the potential for targeted delivery of Siglec-based therapeutics. For
example, Siglec-8, which is expressed only on eosinophils and mast
cells, has been targeted with antibodies with remarkable promise in
eosinophilic esophagitis and gastritis (47). Siglec-15 is expressed on
myeloid cells, including antigen-presenting cells and osteoclasts, and it
may be possible to target for development of therapeutics for osteo-
porosis (2, 48). In the bone, Siglec-15 on osteoclast precursor cells can
interact with sialylated CD44 and modulate receptor activator of
nuclear factor k B (RANK)–mediated signaling (49).

Siglec-7 is constitutively expressed on natural killer (NK) cells and
has been identified as a potential target to improve NK cell–mediated
antitumor immunity (41, 50, 51). Siglec-9, which has been linked to
both cancer and infections, has broad expression on immune cells,
including monocytes, neutrophils, dendritic cells, macrophages, and
some NK- and T-cell subsets (27, 42, 52), and therefore serves as a key
Siglec target for immune modulation in cancer. Siglec-10 is enriched
on macrophages, and through its binding to sialylated CD24, it may
function in parallel with the signal regulatory protein a (SIRPa)–
CD47 axis to inhibit macrophage-mediated phagocytosis (27, 53).
Siglec-10 and itsmurine counterpart Siglec-G are expressed on B1 cells
and regulate antibody production and tolerance to antigens (54).
Siglec-10/G binding to a CD24 complex with high mobility group
box 1 (HMGB1) has been shown to dampen the immune response to
danger signals (55).

Hypersialylation on tumor cells has been associated with multiple
cancers, including lung, pancreatic, and breast cancers, Wilms
tumor, rhabdosarcoma, glioma, and neuroblastoma (56, 57). Inter-
action of Siglec receptors with cancer-associated sialoglycans was
reported to influence the prognosis in a lung cancer cohort: A
variant of Siglec-9 with lower binding affinity to sialoglycans was
associated with improved outcomes in patients with non–small cell
lung carcinoma (42). Several experimental preclinical investigations

further support the hypothesis that interrupting Siglec–sialoglycan
binding in cancer could help avoid immune evasion by tumor cells
and, conversely, that the inhibitory signaling of Siglecs could be
used to reduce aberrant immune response in autoinflammatory
diseases, making sialoglycan–Siglec interactions a therapeutic target
for multiple diseases (6).

Targeting Siglecs and Sialoglycan–
Siglec Immunoregulatory Interactions

The consistent and specific expression of Siglecs on subsets of
immune cells provides a substantial opportunity to target Siglecs
and the sialic acid glycocalyx for cancer treatment; broadly, two
approaches are being pursued. The first approach uses agents that
target Siglecs on immune cells that have transformed into malignant
cells to localize a cytotoxic payload to a particular immune cell type.
Agents that use this approach have already been approved (e.g.,
gemtuzumab ozogamicin; Table 1), yet significant therapeutic
opportunity remains. The second approach uses agents that target
the immunoregulatory interaction between Siglecs and their sialic
acid ligands to reprogram immune cells for an immunologic attack.

Therapeutics Targeting the Siglecs as
Tumor-Associated Markers

Because Siglecs are cell surface receptors, antibody-based therapeu-
tics represent an effective approach to target malignant immune cells
retaining Siglec expression as lineage markers. Antibody-tethered cyto-
toxic function can take many forms, including antibody–drug conju-
gates (ADC), anti-Siglec bispecificT-cell engagers (BiTE), and chimeric-
antigen receptor (CAR) T-cell therapies (Table 1; Fig. 3; refs. 58–62).
Although antibody-dependent cellular cytotoxicity (ADCC) may be
considered favorable because of the potential for increased safety over
ADCs, naked Siglec-targeted antibodies have not demonstrated suffi-
cient activity in the cancer setting (63).

ADCs
Siglecs are endocytosed after binding to a ligand, with internaliza-

tion of tethered molecules, making them excellent targets for ADC
therapies, especially in cases where the toxin must be delivered within
specific subsets of immune cells (2, 61, 62). In general, Siglec-3 is highly
expressed, with relative specificity on myeloid cells, and can serve as a
lineage marker for myeloid cells. It also is enriched on acute myeloid
leukemia (AML) cells (2, 27, 64). The first ADC to gain FDA approval
was gemtuzumab ozogamicin (Mylotarg), which targets Siglec-3
(CD33). It is indicated for the treatment of adults and children who
have CD33-positive AML.

Siglec-2 is expressed primarily on B cells. Thus, anti–Siglec-2 ADCs
have been used for B-cell leukemias and lymphomas (27). Inotuzumab
ozogamicin (Besponsa) is an ADC comprising an anti–Siglec-2 anti-
body linked to a small-molecule toxin, calicheamicin, which induces
DNA damage, it is indicated for the treatment of adults with relapsed
or refractory B-cell precursor acute lymphoblastic leukemia (65).
Moxetumomab pasudotox (Lumoxiti) is not an ADC, but a protein
construct that is a fusion between an anti–Siglec-2 monobody and
PE38, a fragment of a Pseudomonas toxin. It is approved for the
treatment of hairy cell leukemia, a rare type of slow-growing leukemia
that arises in B cells (2, 66). The demonstration of effective agents
targeting Siglecs has solidified their relevance as targets for cancer
treatment.
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BiTEs and CAR T-cell therapy
On the basis of the precedent of targeting Siglec-2 (CD22) and

Siglec-3 (CD33) with ADCs and related therapeutics, clinical devel-
opment has been progressing for Siglec-targting agents that employ
BiTE or CAR T-cell technology (2, 58–60). BiTEs represent a mech-
anism for efficiently engaging cytotoxic T cells to kill cancer cells. They
are composed of two single-chain variable fragments designed to target
two antigens, with a flexible linker in between. One fragment targets a
marker on the surface of T cells, CD3, and the other targets a tumor-
associated antigen. When simultaneous binding occurs, it allows the
T cell to come into contact and kill tumor cells (67). The first BiTE to
gain FDA approval was blinatumomab (Blincyto), a CD3/CD19 BiTE,
which is indicated for Philadelphia negative relapsed or refractory B-
cell progenitor acute lymphoblastic leukemia. Since then, many other
BiTEs have been developed and are being evaluated for the treatment
for hematologic malignancies (59). For example, AMG330, a CD3/
CD33 BiTE that is being evaluated as a potential treatment for AML. In
mouse models, AMG330 treatment reduces tumor growth, but addi-
tional preclinical studies are needed to optimize effector-to-target ratio

as the data showed therewas insufficient target cell lysis in samples that
had low initial effector-to-target ratios (68).

CAR T cells provide highly potent and specific targeting, albeit with
systemic immune toxicity requiring careful management. Clinical
studies of Siglec-targeting CAR T cells are all in early phases and data
are currently insufficient to establish whether enhanced efficacy or an
improved therapeutic index can be achieved compared with the ADC
strategy. In nonclinical studies, the efficacy of Siglec-2–targeting CAR
T cells may be influenced by the epitope targeted by the CAR; however,
the mechanism for this effect is not fully understood (2, 69–72). As
with Siglec-2 targeting, CAR T cells created against Siglec-3 have
shown activity in preclinical studies, but because Siglec-3 is expressed
on myeloid precursor cells more broadly, treatment also led to
hematopoietic toxicity (2). One option to potentially mitigate this
liability could be to create modified CAR T-cell therapies that can be
switched off to prevent long-term, life-threatening immune suppres-
sion (2, 58). One of the more recently developed CAR T-cell therapies
targets Siglec-6, which is commonly expressed on AML cell lines but
not on normal hematopoietic stem and progenitor cells (HSPC). In

Table 1. Agents approved or in clinical development that target Siglecs as tumor-associated markers.

Siglec/Sialic
acid target Drug name(s) Status Description

Siglec-2 (CD22)
UCART22 (Cellectis) Phase I Allogeneic anti-CD22 CAR T
JCAR-018 (BMS) Phase I Anti-CD22 CAR T
Senl H19�22P (AvalonGloboCare) Phase I Anti-CD22/CD19 CAR T
MendCART (Hrain Biotechnology) Phase I Anti-CD22 CAR-T; NCT02721407
YT-19/22 (China Immunotech) Phase I Anti-CD19/anti-CD22 synthetic T-cell antigen

receptor (STAR-T)
AUTO1/22 (Autolus Therapeutics) Phase I Anti-CD19/anti-CD22 CAR T
CTA-101 (Nanjing Bioheng Biotech) Phase I Anti-CD19/anti-CD22 CAR T
LB-1909 (Nanjing Legend Biotech) Phase I Anti-CD19/anti-CD20/anti-CD22 CAR T
GC-022 (Gracell Biotechnology) Phase I Anti-CD19/anti-CD22 CAR T; NCT04303247
TRPH-222 Phase I

(anticipated
phase II to
start in 2022)

Anti-CD22 ADC

JNJ-75348780 (J&J) Phase I Anti-CD3/CD22 BiTE
Inotuzumab ozogamicin (Besponsa, Pfizer) Approved

for use in
acute
lymphoblastic
leukemia (ALL)

Anti-CD22 ADC

Moxetumomab pasudotox (Lumoxiti,
AstraZeneca)

Approved for use
in hairy cell
leukemia (HCL)

Anti-CD22 ADC

Siglec-3 (CD33)a

Gemtuzumab ozogamicin (Mylotarg, Pfizer) Approved for
use in acute
myeloid
leukemia (AML)

ADC

VOR33 (Vor BioPharma) Phase I Anti-CD33 CAR T being assessed in AML
PRGN-3006 (Precigen) Phase I Autologous CAR T targeting CD33 in phase I for

myeloid disorders
ICG-136 (iCell Gene Therapeutics) Phase I Anti-CD33 CAR T being assessed in AML
Eluvixtamab (AMG 330; Amgen) Phase I Anti-CD33/CD3 bispecific
GEM333 (GEMoaB) Phase I Anti-CD33/CD3 bispecific
JNJ-67571244 (J&J) Phase I Anti-CD33/CD3 bispecific
CD33 NKE (BMS) Phase I NK-cell engager

aMany preclinical studies are ongoing. This table lists only clinical studies that appear to be active.
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preclinical and in vitro studies, the approach has shown specific
antileukemia activity and does not appear to affect viability or lineage
differentiation of HSPCs, which may suggest the possibility of treating
AML without the need for allogeneic hematopoietic stem cell trans-
plantation (73). Bispecific CART-cell therapies such as those targeting
CD19 and CD22 may address issues of antigen loss and CAR T-cell
resistance. Cytokine production appeared to be an important indicator
for potency in a phase I trial of CD19/CD22 bispecific CAR T-cell
therapy (72).

Immunomodulators of Sialoglycan–
Siglec Interactions

The untapped future of Siglec-targeted therapy depends on
improved functional understanding of Siglecs and identifying ways
to exploit this new knowledge to enable an antitumor immune
responses. This will be challenging given the diversity of Siglec
function as well as the diversity of sialic acid synthesis and binding
characteristics (15). There are several potential approaches to unleash-
ing an antitumor response viamodulation of the Siglec–sialic acid axis,
including blocking the immune-suppressive effects of inhibitory
Siglecs, driving immune-activating Siglecs, and altering synthesis and
expression of the sialic acid glycocalyx. Currently, several agents are in
preclinical studies utilizing any of these approaches, and some ther-

apeutics, including NC318 and E-602, are being evaluated in clinical
trials; (Table 2). However, based on cumulative evidence of the
immunomodulatory effects of the Siglec–sialic acid interactions and
the complexity of this system, a broad approach to exploring this
pathway is warranted.

Releasing immunosuppression with anti-Siglec blockers
Antibody-based therapies that specifically target inhibitory Siglec

function have the potential to enhance immune responses by counter-
acting immune-suppressive signaling from tumor cells overexpressing
sialic acids (Fig. 4). Because innate immune responsiveness is an
initiator and modulator of the adaptive immune response, modulating
Siglecs has broad therapeutic potential. The anti–Siglec-15 NC318
is furthest along in clinical development (74). Although typically ex-
pressed on osteoclasts, Siglec-15 is also abundant on solid tumor
cells such as colon cancer, endometrial cancer, and thyroid cancer, as
well as on tumor-associated macrophages (2). Siglec-15 signaling leads
to suppressed T-cell function, despite the presence of an ITAM in the
Siglec-15 intracellular domain. The ligand of Siglec-15 has not yet been
elucidated, but high levels of Siglec-15 have been associated with
increased tumor growth and decreased T-cell infiltration (27). Inter-
estingly, Siglec-15 may inhibit antitumor activity by acting as a ligand
itself (26). Preclinical studies have shown that NC318 blocks Siglec-15
function and leads to reversal of T-cell suppression, halting of tumor
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Therapies targeting Siglecs on malignant myeloid and lymphoid cells. A, Illustrates ADCs composed of an anti-Siglec conjugated to a cytotoxic small-molecule
payload. The antibody portion of the drug targets Siglecs, which are displayed on the surface of cancer cells, leading to internalization of the antibody and the drug
and subsequent release of the cytotoxic payload within the cancer cell. B, Depicts the use of anti-Siglec BiTEs to link cytotoxic T cells to cancer cells, resulting in
destruction of the cancer cell. As shown in C, CAR T-cell therapies have been developed that target Siglecs displayed on the surface of cancer cells, leading to
cytotoxicity in those cells. Cytotoxic granules are depicted as red dots. TCR, T-cell receptor; VH, variable heavy chain; VL, variable light chain.
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growth, and prevention ofmetastasis to the lungs inmousemodels that
constitutively express Siglec-15 (26). Initial clinical data for this mol-
ecule have demonstrated antitumor responses in solid tumors (74). Of
interest, derepression of immune activation appears validated, based on
two reported cases of vitiligo that were considered an immune-related
adverse event related to treatment (74). Antibodies targeting Siglec-7
and -9 are also being investigated for their therapeutic potential. Siglec-
7 and -9 are associated with inhibition of an endogenous antitumor
immune response. Preliminary data in mouse models have shown that
using antibodies to block Siglec-7 and -9 signaling reduces tumor
burden significantly in vivo (75).

Targeting sialic acid immunosuppressive signaling ligands on
tumor cells

Interference with the synthesis of the sialic acid–based ligands
of Siglecs or the ligand protein anchor that carries the sialic acid ligands
is one strategy for interrupting immune-inhibitory interactions between
Siglecs and sialic acid residues. Enzymes involved in sialic acid biosyn-
thesis that could be targeted include UDP-N-acetylglucosamine
2-epimerase/N-acetylmannosamine kinase (GNE) and cytidine mono-
phosphate sialic acid synthase (76, 77). GNE is the rate-limiting enzyme
for sialic acid biosynthesis (76). Alternatively, sialyltransferases and
sialic acid transporters such as ST6GAL-1, ST6GalNAc-I, or C1galt1c1
couldbe targeted, althoughpreliminarydata on efficacyof this approach
are conflicting (38, 78, 79). Interestingly, a recent study showed that
complete elimination of sialylated structures on a murine colorectal
cancer cell line resulted in significant increases in tumor growth in vivo.
Therefore, complete desialylation may be detrimental to the antitumor
immune response, and additional studies are needed (80).

With regard to anchor proteins, CD24, the ligand for Siglec-10 is
known to be highly expressed on tumor cells. Siglec-10 is also highly
expressed on tumor-associated macrophages, and its interaction with
CD24 is involved in inhibiting phagocytosis. Blocking CD24with anti-
CD24 in preclinical studies has been shown to increase tumor phago-
cytosis, macrophage-dependent reduction in tumor growth, and
extension of survival (53). Both of these mechanisms could be effective

options; however, these mechanisms are not currently being explored
in ongoing clinical development programs.

The sialic acid–targeting approach furthest along in clinical devel-
opment for involves degradation of overexpressed sialic acid moieties
on tumor cells with a technology termed “EAGLE” (Enzyme-Antibody
Glycan-Ligand Editing, https://palleonpharma.com/pipeline). This
approach leverages two key features of tumor cells: overexpression
of targeted tumor antigens and amplification of sialic acid expression
to block immune response. EAGLE allows for the fusion of human
sialidases with human mAbs. The resulting fusion is antibody-like
and selectively removes terminal sialic acid residues on sialoglycans
of tumor cells (Fig. 4). The technology was originally developed
by combining an anti-HER2 to a sialidase conjugate that selectively
removed diverse sialoglycans from breast cancer cells, leading to en-
hanced immune cell infiltration and activation, as well as prolonged
survival, in mouse models (81).

The lead developmental therapeutic in this class, E-602, is a bi-
sialidase joined with an antibody Fc fragment. This entity is
designed to desialylate both immune cells and tumor cells, and is
currently in phase I clinical trials. One potential limitation of this
construct is the lack of specificity in targeting the sialidase activity;
however, the EAGLE platform has alternative modular structures
that allow for tumor-associated antigen targeting with modular
inclusion of antibody-antigen–binding fragment regions as a means
for focused activity. For example, one therapeutic is composed of
trastuzumab (an anti-HER2) linked to a bacterial sialidase from
Vibrio cholerae. This conjugate functions to specifically remove
Siglec ligands on HER2-positive breast cancer cells and results in
the presentation of Fc chains to stimulate NK cell–mediated ADCC
(27, 82, 83). In addition to targeting sialoglycan–Siglec interac-
tions, sialidases also have other effects on immune cells and the
tumor microenvironment. Recently, an interaction of CD28, which
is expressed on T cells, with sialoglycans was described. Sialidases
could therefore improve interactions between antigen-presenting
cells with adaptive immune cells (84).

Another strategy that has shown promising effects is injection of a
sialic acid mimetic directly into solid tumors to locally block sialic
acid expression. In multiple tumor models, growth was suppressed
and immune cell composition shifted. Populations of tumor-
infiltrating NK cells and CD8þ T cells were increased, whereas
regulatory T cells and myeloid regulatory cells were reduced, leading
to an increase in CD8þ T cell–mediated killing and reduced tumor
growth (85).

Disrupting immunosuppressive signaling with a sialic acid
trap

AL009 is a multi-Siglec inhibitor being investigated for its ability to
enhance innate and adaptive immunity. It is an engineered human
Siglec-9–Fc fusion protein and functions by blocking a critical glycan
checkpoint pathway that drives immune inhibition (Fig. 4). The Siglec
portion of AL009 binds the sialic acid ligands recognized by Siglec-9
and increases immune function by preventing Siglec–sialic acid sig-
naling. Human Siglec-9 has been shown by glycan arrays to broadly
engage various sialoglycans (86). The engineered Fc portion binds to a
subset of Fc receptors on myeloid cells, thereby targeting AL009 to the
myeloid-cell compartment (87). In vitro, AL009 was shown to repo-
larize suppressive macrophages and prevent T-cell suppression. In
syngeneic mouse tumor models, a variation of AL009, which has a
mouse Fc instead of human, reduced tumor volume and enhanced
immune activation, particularly when used in combination with anti–
PD-1 treatment (87).

Table 2. Agents in preclinical or clinical development targeting
Siglecs with the intent of immune modulation.

Siglec/Sial-
ic
acid target Drug name(s) Status

Siglec-7 Anti–Siglec-7 (Palleon) Preclinical
Siglec-9 Anti–Siglec-9 (Palleon) Preclinical

Anti–Siglec-9 (Innate Pharma) Preclinical
Anti–Siglec-9 (Memo Therapeutics AG) Preclinical
Anti–Siglec-9 (Verseau Therapeutics) Preclinical

Siglec-10 Anti-CD24 (Siglec-10 ligand; Pheast
Therapeutics)

Preclinical

Siglec-15 NC318 (NextCure) Phase II
EPB-001 (Elpis Biopharmaceuticals) Preclinical
Anti–Siglec-15 (OncoResponse) Preclinical
MIL104 (Mab Works) Preclinical

Pan-Siglec E-602 (Palleon) Phase 1/2
AL009 (Alector) Preclinical
PD-L1–sialidase (Palleon) Preclinical
HER2-sialidase (Palleon) Preclinical

Abbreviations: HER2, human epidermal growth factor receptor 2; IND, investi-
gational new drug; PD-L1, programmed death-ligand 1.
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Conclusion
Combining glycobiology and cancer immunology to create ther-

apies targeting sialoglycan–Siglec interactions holds potential for a
new generation of therapeutics to treat a range of diseases, including
cancer, neurodegenerative diseases, autoinflammatory conditions,

and allergies. Large molecules targeting Siglecs to localize cytotoxic
therapeutics to a particular cell type have been successful in the
treatment of blood cancers. As we gain an increased understanding
of the immunologic function of sialoglycan–Siglec interactions, new
approaches have significant potential to disrupt the core innate

Immune cellA
Siglec

Cancer cell

B

Sialic acid

Anti-siglec
antibody

C

Targeted
sialidase

D

FcγR

Targeted
sialic acid
trap

Figure 4.

Therapies targeting Siglecs as immune modulators. To overcome immune evasion mechanisms of cancer cells, several approaches are being evaluated, including
Siglec-blocking antibodies, targeted sialidases, and targeted sialic acid traps. A, Illustrates an interaction between an inhibitory Siglec on an immune cell and a
sialylated glycan on a cancer cell, leading to immunosuppression. B, Illustrates an anti-Siglec binding to a Siglec to block binding, thus preventing their ability to
suppress an immune response. C, Shows a sialidase conjugated to an antibody that targets it to cancer cells. Once bound, it desialylates the ligand, preventing
immune suppression fromSiglec–sialic acid interactions.D,Depicts a Siglec-Fc fusion that functions as a sialic acid trap. The Fc portion allows localization to immune
cells, whereas the Siglec portion can bind sialic acid on tumor or immune cells, blocking inhibitory immune signaling. Cytotoxic granules are depicted as red dots.
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immunosuppressive signaling axis and reinvigorate robust and
durable antitumor immune responses.
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