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Summary
Siglecs are a family of emerging glyco-immune checkpoints. Inhibiting them can enhance the functions of several
types of immune cells, whereas engaging them can reduce hyper-inflammation and hyper-activation of immune
functions. Siglec-sialoglycan interactions play an important role in modulating immunological functions during
cancer, however, their roles in regulating immunological equilibrium during viral infections is less clear. In this
review, we discuss the documented and potential roles of inhibitory Siglecs in balancing immune activation and
tolerance during viral infections and consider how this balance could affect both the desired anti-viral immunological
functions and the unwanted hyper- or chronic inflammation. Finally, we discuss the opportunities to target the Siglec
immunological switches to reach an immunological balance during viral infections: inhibiting specific Siglec-
sialoglycan interactions when maximum anti-viral immune responses are needed, or inducing other interactions
when preventing excessive inflammation or reducing chronic immune activation are the goals.
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Glyco-immune checkpoints
An immunological equilibrium is needed
during viral infections, and immune
checkpoints could be a key to maintaining this
equilibrium
The 2019 Coronavirus disease (COVID-19) pandemic
made it clear that an immunological imbalance can be
an independent and potent contributor to worse disease
outcomes during acute viral infections.1 On the one
hand, the lack of adequate immunological responses
(such as interferon-mediated2) to acute viral infections
can result in uncontrolled viral replication and worse
outcomes.3 On the other hand, hyper-activation of im-
mune responses can also lead to worse outcomes, as a
side-effect of hyper-inflammation and its associated
cytokine storm is tissue damage4 (Fig. 1). Well-
coordinated innate and adaptive immune responses
are also pivotal during chronic viral infections.5 During
treated chronic viral infections, such as antiretroviral
therapy (ART)-treated HIV infection, the state of chronic
low-level immune activation/inflammation accompa-
nied by immune exhaustion can lead to the develop-
ment of inflammation-associated diseases6 and can
contribute to viral persistence.7 Such immunological
imbalances during acute and chronic viral infections
likely involve multiple mechanisms, not all of which are
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well characterized. These mechanisms may include
immunological senescence, pre-existing metabolic
syndromes, co-infections, microbial dysbiosis/trans-
location, and imbalance of interactions at immune
checkpoints. In this review, we focus on the imbalance
in immune checkpoint interactions.

Interactions between immune checkpoint molecules
and their ligands are designed to regulate immune re-
sponses in order to limit collateral tissue damage.8 Un-
intended inhibition of these immune checkpoint
interactions can lead to uncontrolled inflammation,
which results in tissue damage.9 Inadvertent induction
of immune checkpoint interactions can lead to immu-
nological unresponsiveness, which helps virally-infected
cells, or cancer cells, evade immune surveillance.10

Thus, striking the right balance between constructive
inflammation and uncontrolled inflammation is essen-
tial to suppress the invader while protecting the host.
Siglecs are emerging glyco-immune
checkpoints that modulate several
immunological functions
Whereas most of the well-described immune check-
points initiate their signal transduction via protein–
protein interactions (such as PD1-PDL1 interactions),
it recently became clear that there is another class of
immune checkpoints that initiate signal transduction via
protein-glycan (sugar) interactions. Immune cells
1
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Fig. 1: An immunological equilibrium is needed during viral infections and Siglecs could be a key to this equilibrium. The lack of adequate
immune responses to viral infection can result in uncontrolled viral replication and worse disease outcome (left) whereas hyper-activation of
immune response can also lead to worse outcome as a side-effect of hyperinflammation (right). Inhibitory Siglecs could regulate the crucial
immune equilibrium by various mechanisms; 1) inhibitory Siglec expression, 2) maintaining the Siglec-Sialic acid interactions, 3) and/or by
maintaining the balanced sialic acid levels on cell surface. The higher expression of inhibitory Siglecs on immune cells, higher expression of
sialyltransferases in target cells, and/or lower activity of sialidases can lead to enhanced Siglec-sialic acid interactions and subsequently inhibit
immune responses. On the other hand, the lower expression of inhibitory Siglecs in immune cells, lower expression of sialyltransferases in target
cells, and/or higher sialidases activity can lower Siglec-sialic acid interactions and subsequently induce immune inflammation (top). Viruses can
evade immune system by engaging the inhibitory Siglecs on immune cells either by the sialic acids present on its surface (such as the case of
sialic acid on the surface of HBV that binds to Siglec-3 on myeloid cells) or by increasing the expression of sialic acid on infected cell (such as the
case of α 2,3 sialic acid on the surface of HIV-infected cells that binds to Siglec-9 on NK cells). The sialic acids engage the inhibitory Siglecs and
suppress the immune response against viral pathogen (left). On the other hand, viruses could induce hyper-inflammation by releasing Siglec
dependent inhibition (such as the case of Siglec-9 ligands on neutrophils during COVID-19) (right).
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express several types of sugar-binding proteins, called
lectins, on their surface,11 and the binding between
some of these lectins, i.e., those with inhibitory prop-
erties, and specific glycans (sugars) on the surface of
cancer cells or virally-infected cells can induce potent
inhibitory signal transduction cascades that reduce the
ability of the immune cells to recognize and eliminate
target cells.11 An example of lectins functioning as im-
mune checkpoints is the Siglec family of cell surface
receptors. Siglecs, sialic acid-binding immunoglobulin-
like lectins are a family of immune regulatory lectins
that recognize sialoglycans (sialic acid-containing gly-
comic structures) on target cells. Siglecs are expressed
on multiple types of immune cells, including natural
killer (NK) cells, T lymphocytes, neutrophils, macro-
phages, dendritic cells, and B cells.12 Most Siglecs
inhibit immune functions through intracellular immu-
noreceptor tyrosine-based inhibitory motifs (ITIMs).13

Siglecs can be divided based on their evolutionary
conservation or their function. Evolutionarily, they
divide into two groups: 1) an evolutionarily conserved
group that contains Siglec-1 (CD169), Siglec-2 (CD22),
Siglec-4 (Myelin-associated glycoprotein/MAG) and
Siglec-15; and 2) an evolutionarily divergent group that
contains the CD33-related Siglecs, Siglec-3 (CD33),
Siglec-5, Siglec-6, Siglec-7, Siglec-8, Siglec-9, Siglec-10,
Siglec-11, Siglec-12, Siglec-14 and Siglec-16. In mice,
the CD33-related Siglecs are Siglec-3, Siglec-E, Siglec-F,
Siglec-G and Siglec-H.14 Siglecs can also be divided
based on their functions: inhibitory, activating, and non-
signaling. Inhibitory Siglecs (Siglecs -2, 3, 5, 6, 7, 8, 9,
10, 11, and 12) contain an intracellular ITIM or an ITIM-
like motif that is phosphorylated after receptor engage-
ment and leads to the recruitment of either
Src-homology 2 domain-containing phosphatase-1
(SHP-1) or SHP-2, which dephosphorylate downstream
components of stimulatory pathways, thus inhibiting
cell activation.15 Activating 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 proteins,
such as DAP10 or DAP12.13 This complex recruits pro-
tein kinases that can phosphorylate downstream targets,
eventually triggering downstream activation pathways.13

Finally, non-signaling Siglecs (Siglecs-1 and -4) have a
neutral transmembrane domain and lack fully signaling
cytosolic motifs. Mostly, these Siglecs are involved in
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adhesion events.16 In this review article, we will focus on
the inhibitory Siglecs as their functions are better
characterized compared to those of activating Siglecs.

Siglecs exert their effects by interacting with sialic
acid, either on a different cell (trans interaction) or the
same cell (cis interaction). Each Siglec has a preference
for the type of sialic acid it binds to, for example, Siglec-7
binds disialyl α2,8-sialogylcans and branched α2,6-
sialoglycans, whereas Siglec-9 binds to α2,3-
sialogylcans.17 The ability of Siglecs to alter the im-
mune responses also depends on the levels of expression
of sialic acid on the immune cell itself (cis) or the target
cell (trans). These sialic acid levels depend on the balance
between sialyltransferases and sialidases. Sialyl-
transferases are the enzymes that catalyze the transfer of
sialic acid to galactose-containing substrates via various
linkages; this transfer results in addition of sialic acid to
the cell surface.18 In contrast, sialidases (neuramini-
dases) are enzymes that remove sialic acid from gly-
cans.19 Sialidases can be endogenously expressed or
expressed by pathogens and/or the microbiome. The
likelihood of Siglec-sialic acid interactions therefore de-
pends on the relative levels of expression of sialic acid,
sialyltransferases, and sialidases. Thus, enhanced Siglec-
sialic acid interactions, which subsequently inhibit im-
mune responses, are due to high expression of inhibitory
Siglecs on immune cells, high expression of sialyl-
transferases in target cells, and/or low activity of siali-
dases. On the other hand, poorer Siglec-sialic acid
interactions, which subsequently induce inflammation,
are due to low expression of inhibitory Siglecs on im-
mune cells, low expression of sialyltransferases in target
cells, and/or high sialidase activity (Fig. 1, top).

Despite the ubiquitous distribution of sialic acids on
many cells, both cancer cells and viruses employ the
dysregulation of sialic acid interactions to enhance dis-
ease progression. Cancer cells use hyper-sialylation
(induction of cell-surface sialic acid) as an immune
evasive strategy: enhancing inhibitory Siglec in-
teractions ensures a permissive microenvironment that
promotes tumor progression.20 Several viral infections
(such as HSV-1, VZV, CMV, HTLV1, and HIV) alter the
cell surface glycosylation of infected cells.15 These al-
terations (as in the case of HTLV and HIV) include the
upregulation of sialic acid,16–18 similar to what occurs
during oncogenesis. This suggests that cancer cells and
virally-infected cells may use similar Siglec interactions
to manipulate immune responses. In this review article,
we will discuss the potential role of inhibitory Siglec
interactions in regulating the balance between immune
activation and tolerance during viral infections and how
this balance could affect both the desired anti-viral
immunological functions and the unwanted inflamma-
tion. We will start by discussing the role of elevated
inhibitory Siglec interactions in inhibiting immunolog-
ical functions (that are relevant to viral infections) dur-
ing cancer; we will then transition to discussing the
www.thelancet.com Vol 86 December, 2022
documented and potential role these Siglec interactions
can play in inhibiting similar functions during viral
infections. Next, we will review the documented and
potential strategies for overcoming the immune inhibi-
tion and enhancing anti-viral immune functions. We
will then discuss the potential role of diminished
inhibitory Siglec interactions in inducing inflammation
and tissue damage during viral infections and the
possible strategies to overcome these effects. Finally, we
will discuss the opportunities to target specific inhibi-
tory Siglec interactions to reach an immunological bal-
ance during viral infections, such as by inhibiting
specific interactions when maximum anti-viral immune
responses are needed or inducing other interactions
when preventing hyper-inflammation or reducing
chronic immune activation are the goals.
The potential role of Siglec-sialic acid
interactions in suppressing immunological
functions during viral infections
Pathogens use Siglec-sialic acid interactions to facilitate
infection. HIV and PRRSV contain sialic acids on their
viral envelope glycoproteins. This sialic acid contributes
to infectivity by binding to Siglec-1 on target cells and
promoting trans infection.21–23 Influenza A virus also
uses its lectin hemagglutinin to infect host cells by
recognizing their α2,3 and α2,6 sialic acids. The Influ-
enza A virus also carries a neuraminidase enzyme that
cleaves off sialic acids from the target cell surface; this
prevents the hemagglutinin from causing virion aggre-
gation to the cell surface.24 However, whether Siglec-
sialic acid interactions play any additional roles in
virus–host interactions, such as modulating anti-viral
cellular immunity is not clear. In this section, we will
discuss the role of Siglec interactions in inhibiting
immunological functions during cancer; we focus on
those immunological functions that are relevant to viral
infections. We will also discuss the documented and
potential role of Siglec-mediated regulation of immu-
nological functions during viral infections (Fig. 1, left).
Finally, we will discuss documented and potential ap-
proaches to overcome the Siglec-mediated inhibition of
these immunological functions relevant to viral
infections.
Role of Siglec-sialic acid interactions in inhibiting
the functions of immune cells
NK cells
NK cells play an important role in fighting viral in-
fections,25 and their functions are significantly impacted
by the Siglecs expressed on their cell surface, and on the
binding of these Siglecs to sialic acids on target cells.26

In peripheral blood, almost all NK cells express Siglec-
7,27 and a subset of the cytotoxic CD56dim NK cells also
express Siglec-9.28 In addition, Siglec-3 can be detected
3
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on activated NK cells.29 Siglec expression is tissue-
dependent, as NK cells from hepatocellular carcinoma
(HCC) tissues express Siglec-10.30 In cancer pathology,
an increase of sialoglycans on tumor cells inhibits the
direct cytotoxicity and antibody-dependent cellular
cytotoxicity (ADCC) by NK cells via engagement of
Siglec-7.31 In addition, blocking Siglec-9 increases NK
cell-mediated tumor cell killing.32,33

The role of Siglec interactions in inhibiting NK
cytotoxicity against virally-infected cells is less clear.
During some infectious states, the expression of specific
Siglecs marks specific NK sub-populations. For
example, during acute HIV infection, loss of Siglec-7
expression marks dysfunctional NK cells.34 During
HIV and HBV infections, expression of Siglec-9 marks a
highly cytotoxic and mature NK subpopulation. Beyond
simply marking NK sub-populations, the expression of
particular inhibitory Siglecs can alter the function of the
NK cells. For example, the Siglec-9 molecule itself is
inhibitory28,35; however, the Siglec-9+ subpopulation of
NK cells (Siglec-9+ CD56dim cells) remains highly cyto-
toxic, despite expression of Siglec-9, likely because they
express higher levels of several NK activating receptors
and their lower levels of several other NK inhibitory
receptors than do Siglec-9- NK cells.28,35 In effect, the
high cytotoxicity of these Siglec-9+ CD56dim NK cells is
being restrained by the inhibitory nature of the Siglec-9
molecule.28,35 Thus, inhibiting Siglec-9 on NK cells, or
removing the sialic acid ligand on virally-infected cells,
significantly enhances the susceptibility of infected cells
to NK-mediated clearance.28,35 As mentioned above,
several viruses alter the cell surface glycosylation of
infected cells, and these alterations include the upre-
gulation of α2-3 sialic acid. Thus upregulation enables
infected cells to bind to Siglec-9 on NK cells and inhibit
NK functions. Given the importance of NK cells in
restricting viral infections, understanding how Siglec
interactions inhibit their functions could lead to devel-
oping novel approaches to selectively enhance NK-
mediated clearance of virally-infected cells.

T cells
Peripheral human T cells have low expression of
Siglecs.36 However, as mentioned above, Siglec expres-
sion is tissue-specific and increases upon immune cell
activation. For example, in tumor-infiltrating lympho-
cytes (TILs), Siglec-9, and also Siglecs -5, -7, and -10, are
upregulated in individuals suffering from several can-
cers, including non-small cell lung cancer, epithelial
ovarian cancer, colorectal cancer, and melanoma.37,38 In
antigen-activated T cells, expression of Siglec-3 can be
detected.29 The Siglec-9+ TILs are tumor-specific, and
the inhibition of Siglec-9 signaling significantly in-
creases T cell-mediated tumor cell killing.37,38

Although T cells activation can clearly upregulate
Siglec expression in the context of cancer, it is unclear
whether, during viral infections, tissue-infiltrating
T cells also express Siglecs and whether these Siglec-
expressing T cells contribute to the ability of virally
infected cells to evade immune surveillance in tissues. It
is also unclear whether non-classical T cells, such as γδ
T cells and mucosal-associated invariant T (MAIT) cells,
which can play an important role in restricting viral
infections,39,40 express Siglecs (in blood or different tis-
sues, at steady-state or during viral infections, with and
without activation). Given the importance of tissue-
specific immunity during viral infections (such as HIV
and SARS-CoV-2 infections41,42), it will be important to
understand the potential inhibitory impact of Siglec
expression on tissue-infiltrating T cells during viral in-
fections and how to overcome these potential inhibitory
effects.

Myeloid cells
Monocytes, macrophages, and neutrophils express high
levels of several signaling Siglecs, including Siglecs-3,
-5, -7, -9, -10, -11,-14, -15, and -16.14 Siglec expression
on these cells plays an important role in modulating
their functions, including their anti-tumor activities.
Often, engaging Siglec-sialic acid interactions impairs
the immune cell function. For example, macrophages
commonly express the inhibitory receptor Siglec-10;
Siglec-10 binds to sialic acid on CD24 on cancer cells.
This Siglec-10:CD24 interaction elicits inhibitory
signaling in the macrophage, including the suppression
of macrophage-mediated phagocytosis, which allows
cancer cells to evade immune-mediated clearance
mechanisms.43 Indeed, blocking CD24 (and thus the
Siglec-sialic acid interaction), using a blocking antibody,
reduced cancer growth and increased survival in an
ovarian cancer mouse model.43 Consistently, the
engagement between Siglec-9 on tumor-associated
macrophages (TAMs) and sialic acid on MUC1 can
polarize TAMs to a cancer-promoting, immunosup-
pressive M2 phenotype.44 Blocking Siglec-9/sialic acid
interactions enhance myeloid cell function, similar to
what occurs by blocking Siglec-9 on NK cells (see above).
For example, blockade of Siglec-9 enhanced neutrophil
activity against tumor cells in vitro, and mice deficient
for Siglec-E, the murine homolog of human Siglecs-7
and -9, showed an enhanced immunosurveillance of
tumors during the early stages of tumor establishment.33

Dendritic cells (DCs) express several signaling
Siglecs, including Siglec-2, -3, -5, -6, -7, -9, -10, and -15.14

Siglecs interactions can modulate the functions of DCs.
For example, engaging Siglec-E enables murine DCs to
induce Treg cells, which then inhibit CD8+ effector
T cells, reducing the anti-cancer capacities.45 Consis-
tently, the binding between Siglec-9 on the surface of
lipopolysaccharides (LPS)-stimulated human monocyte-
derived DCs and α2,3 sialic acid has multiple, tumor-
supportive effects: it alters these cells’ metabolism,
reduces their expression of inflammatory cytokines,
induces their expression of anti-inflammatory cytokines,
www.thelancet.com Vol 86 December, 2022
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and induces Treg differentiation at the expense of
effector T cell differentiation.46

While little is known about the role of inhibitory
Siglecs in modulating the anti-viral activities (such as
phagocytosis) of myeloid cells, recent work suggests that
Siglecs have an important role. For example, Siglec-3 on
myeloid cells binds the α2,6-sialoglycans of hepatitis B
virus (HBV) surface antigen (HBsAg), and this binding
induces immunosuppression, which helps HBV to
evade immunosurveillance.47 Several other viruses (such
as HIV48) are heavily glycosylated by sialic acid and thus
may be using this mechanism to evade immuno-
surveillance by myeloid cells; whether this becomes a
common theme for additional viruses, or for virally-
infected cells, remains to be determined.

B cells
B cells express Siglec-2,49 Siglec-6, and Siglec-10.50 There
are several examples of the important roles that inhibi-
tory Siglecs can play in regulating B cell activation and
functions. First, the lack of Siglec-2 lowers the B cell
receptor (BCR)-signaling threshold and leads to a pre-
activated B cell phenotype.51 In mice, Siglec-G, the
murine homolog of the human Siglec-10, inhibits BCR
signaling.52 Finally, increased expression of Siglec-6 has
been associated with the exhausted phenotype of tissue-
like memory B-cells, and knock-down of Siglec-6 re-
stores normal tissue-like memory B-cells function.53 It is
possible that, during viral infections, such modulation
of B cell activation and functions by Siglec interactions
could impact their responses and ability to efficiently
produce antibodies.
Approaches for blocking Siglec/sialoglycan
interactions to enhance immune activation
(Fig. 2A)
Blocking antibodies targeting Siglec receptors
Several Siglec blocking antibodies have been developed
and tested in mice for their ability to prevent inhibitory
Siglec-mediated inhibition of immune functions. How-
ever, the evaluation of the therapeutic utility of these
antibodies has been hindered by the lack of direct human
orthologues for many of the Siglecs expressed in and
tested in mice. Nevertheless, several studies have tested
human Siglec blocking antibodies in vitro and in vivo
using humanized mouse models of various cancers.
First, in vitro, a number of studies show that human
blocking antibodies against Siglec-7 and Siglec-9 enhance
anti-tumor immune activity.31,32,38,44 Second, in vivo, hu-
man blocking antibodies to Siglec-7 and Siglec-9 signifi-
cantly reduced tumor burden in a humanized Siglec7+/
9+/Siglec-Eknockout mouse model.54 Consistently, a Siglec-
9 blocking antibody reduced tumor size in an ovarian
cancer humanized mouse model.55 Antibodies against
Siglec-2 (CD22) and Siglec-3 (CD33), both of which have
mouse/human orthologs, have been used in humans
www.thelancet.com Vol 86 December, 2022
studies but they were mainly used for delivering che-
motherapeutics for lymphatic and myeloid hematological
malignancies56,57 and not for their potential immuno-
modulating, anti-cancer effects.

During viral infections, Siglec blocking antibodies
are promising tools to enhance immune functions
against virally-infected cells.28,47 Anti-Siglec-9 blocking
antibodies enhanced NK cytotoxicity against HIV-
infected targets28 and reversed the dysfunctionality of
NK cells during HBV infection.35 A Siglec-3
blocking antibody inhibited the interactions between
Siglec-3 on myeloid cells and sialic acid on HBV
virions, and this blockage reversed HBV-induced
immunosuppression.47

Importantly, Siglec-sialic acid interactions are
important immune negative checkpoints against auto-
immunity58,59; therefore, it is possible that blocking
Siglecs can cause non-specific inflammation, as
observed with the use of blocking antibodies against
other immune negative checkpoints, such as PD1.60

There are notable differences between Siglecs and
other immune negative checkpoints, such as PD1, such
as the distribution of their expression (Siglecs are
mainly expressed on myeloid cells whereas PD1 is
expressed on T cells). Whether the distribution of
checkpoint expression will influence the impact of
checkpoint blockade on autoimmunity is not yet known.
A recent clinical trial (NCT03822208) reported that
blocking Siglec-3 was well-tolerated in humans. Such
reports may indicate that blocking Siglecs could be safe;
however, it will be important to carefully investigate the
beneficial vs. detrimental effects of blocking Siglecs,
especially those with no direct homologs in mice, such
as Siglec-7 and Siglec-9. If toxicity is observed in vivo
when blocking Siglecs using mono-specific antibodies,
it is possible that bispecific or tri-specific antibodies that
target the blocking antibody to specific immune cells
and/or virally-infected cells will be needed to take
advantage of the enhanced immune functions caused by
Siglec blockade while avoiding potential non-specific
inflammatory effects.

Sialyltransferase inhibitors
Sialyltransferases catalyze the transfer of sialic acid to
other substrates, resulting in the addition of sialic acid
to the cell surface. Several types of cancer cells and
virally-infected cells exhibit hyper-sialylation on their
surface, and removing this sialic acid can allow immune
cells to recognize and respond against these cells.37

Accordingly, several strategies have been developed to
inhibit the sialyltransferases. For example, sialyl-
transferase inhibitors enhance the susceptibility of
myeloma cells to NK-mediated clearance in a Siglec-7-
dependent manner.61 However, similar to the blocking
antibodies, sialyltransferase inhibitors likely will need to
target specific cancer or virally-infected cells to prevent
off-target side effects.
5
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Fig. 2: Strategies to manipulate Siglec-sialic-acid interactions. (A) Strategies which have been explored to enhance the inhibitory Siglec–
mediated reduction of immunes response include 1) anti-Siglec antagonistic (blocking) antibody (tested against HIV- and HBV-infected cells), 2)
sialyltransferase inhibitor to reduce the cell surface levels of sialic acids by inhibiting the enzyme involved in installing the sialic acid on cell
surface, and 3) use of sialidase conjugated antibody recognizing the infected cell for targeted removal of sialic acids on infected cells (tested
against HIV-infected cells). (B) Strategies have also been explored to suppress the excessive immune response which includes 1) engaging anti-
Siglec antibodies (tested against SARS-CoV-2), 2) Sialic acid coated nanoparticles, and 3) cis-ligand agonist for Siglecs to keep Siglecs engaged
(tested against SARS-CoV-2).
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Sialidase-antibody conjugates
For strategies that target Siglec interactions to have
clinical utility, they likely need to be able to selectively
block Siglec interactions on cancer cells or infected cells,
but not on non-target cells. Towards developing such an
approach, sialidase was conjugated to trastuzumab
(Herceptin; an antibody against the HER2 receptor,
overexpressed in HER2+ breast cancer cells). This
trastuzumab-sialidase conjugate functioned as expected;
it not only prevented Siglec/sialic acid-binding but also
enhanced anti-tumor NK cell activity against HER2+ but
not HER2– cells in vitro and in vivo.62,63 Consistently,
sialidase conjugated to HIV-specific antibodies removed
sialic acid specifically from the surface of HIV-infected
cells, but not HIV-negative cells, and this removal
significantly enhanced the susceptibility of HIV-infected
cells to NK cell-mediated immune clearance in vitro.28

These promising early studies suggest that the conju-
gate approach has significant potential to improve the
susceptibility of virally-infected cells to immune-
mediated clearance. Further testing of this approach
for feasibility and efficiency in in vivo systems is clearly
warranted.
Siglec-sialic acid interactions in mediating
hyper-inflammation
The potential role of Siglec-sialic acid interactions
in inducing inflammation during viral infections
Siglecs can play an important role in regulating in-
flammatory responses by myeloid cells. In this section,
we discuss the potential role of inhibitory Siglec in-
teractions in modulating hyper-inflammation during
viral infections (with a focus on cis interactions between
Siglecs and sialic acid on myeloid cells) and how to
overcome this effect (Fig. 1, right).

The binding of inhibitory Siglecs expressed on
myeloid cells to sialic acid on the same cells (cis inter-
action) plays an important role in controlling the in-
flammatory properties or polarization of these cells
upon stimulation. For example, upon TLR4 stimulation
(by bacterial LPS), myeloid cells upregulate expression
of endogenous sialidases.64 These sialidases remove
sialic acids from the surface of the myeloid cells, thereby
reducing the opportunities for inhibitory Siglec-sialic-
acid interactions that could dampen myeloid cell func-
tion.64,65 While such mechanisms are likely important
for maintaining a constructive immunological response
to pathogens, they also may lead to a state of hyper or
chronic inflammation, especially during viral infections
associated with translocation of microbes from gut to
blood, such as HIV and SARS-CoV-2.66,67 Indeed, it was
recently shown that engaging the inhibitory effects of
Siglec-9 interactions using cis agonist glycopolymers
suppresses neutrophilic hyper-inflammation induced by
SARS-CoV-2.68

In addition to the cis interactions, trans interactions
between inhibitory Siglecs on myeloid cells and sialic
acids on other cells or circulating proteins/lipids can
lead to hyper-inflammation. Within the circulating gly-
come, sialic acid on circulating antibodies (immuno-
globulin G; IgG) has been linked to strong anti-
inflammatory responses.69 The exact mechanism of
this action is not clear. One suggestion is that the
binding of the sialic acid-containing glycans on the IgG
to Siglecs on monocytes/macrophages initiates an
www.thelancet.com Vol 86 December, 2022
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inhibitory signal that leads to an anti-inflammatory
response.70 IgG sialylation decreases during viral in-
fections (such as chronic HIV infection, despite ART71);
this reduction might reduce the opportunity for such
anti-inflammatory sialic-acid/Siglec binding and thus
promote inflammation. It is unclear whether sialidase
expression by myeloid cells, sialic acid reduction on IgG,
and/or Siglec interactions on myeloid cells during viral
infections modulate hyper-inflammation during acute
infections and/or chronic inflammation during chronic
infections. However, strategies to enhance the cis - and/
or trans-interactions of Siglecs on myeloid cells have the
potential to reduce excessive inflammation during viral
infections.

Beyond classic myeloid cells, microglial cells in the
brain play an important role in regulating neuro-
inflammation and neurological functions. These
microglial functions can be modified by Siglecs. For
example, Siglec-2 reduces the inflammatory effects of
microglial cells72 and modifies their phagocytosis ca-
pacity during aging.73 Siglec-11 on microglial cells re-
duces LPS-induced inflammation, phagocytosis,
microglial cytotoxicity, and neurotoxicity.74,75 Finally, the
expression of Siglec-E is neuroprotective.76 Several viral
infections have been associated with neuro-
inflammation, including HIV and SARS-CoV-2, and
understanding how inflammation in the CNS might be
modified by Siglec interactions is an area in need of
investigation. In HIV infection, even after long-term
ART suppression,77 the neuro-inflammatory state likely
causes cognitive dysfunction that impacts everyday
functioning and increases morbidity and mortality
among ART-suppressed HIV-infected individuals.
SARS-CoV-2 infection can also induce a state of neu-
roinflammation and neurological symptoms78; however,
unlike HIV infection, any long-term morbidity from the
neurological effects of SARS-CoV-2 infection remains
unknown. Examining how Siglecs, sialic acid, and
neuraminidases in the central nervous system (CNS)
may modulate virus-mediated neuro-inflammation
could lead to novel approaches to reduce neuro-
inflammation during viral infections. However, modu-
lating Siglec interactions in the CNS must be
undertaken with great care, as microglial cells have
multiple functions. For example, microglial-expressed
Siglec-3 interacts with sialylated amyloid plaques,
which reduces the ability of microglia to phagocytose the
plaques, which may contribute to Alzheimer’s disease
progression.79–81
Approaches to engage Siglec/sialoglycan
interactions to prevent hyper-inflammation
(Fig. 2B)
Agonistic Siglec antibodies
Several antibodies engaging inhibitory Siglecs have
been used to reduce inflammation. For example, an
www.thelancet.com Vol 86 December, 2022
engaging Siglec-9 antibody suppresses LPS-induced in-
flammatory responses in human macrophages.82 Simi-
larly, Siglec-7 engaged by an antibody lead to apoptosis
of mast cells and reduced mast cell leukemia in mice.83

Finally, an engaging antibody to Siglec-F, the murine
homolog of human Siglec-8, reduced inflammation in
mice.84,85 Consistently, an agonistic Siglec-8 antibody
inhibited IgE-independent mast cell activation and
suppressed non-allergic airway inflammation,86 and
reduced inflammation and COVID-19 severity in a
mouse model.87 These antibodies, and other antibodies
that activate inhibitory Siglec receptors, have the po-
tential to be used to reduce the state of hyper-
inflammation during acute viral infections and/or
chronic inflammation during chronic inflammation.

Sialic acid mimetics, sialic acid-coated nanoparticles, and
sialidase inhibitors
Other approaches to engage inhibitory Siglecs and
reduce inflammation have been investigated, including
lipid-conjugated glycopolypeptides that can be inserted
into cell membranes and engage Siglec-9 receptors in cis
conformation.88 This synthetic Siglec-9 agonist inhibited
NETosis in neutrophils during COVID-19.68 Another
approach in development is nanoparticles or liposomes
coated with sialic acid. Such nanoparticles blocked LPS-
mediated inflammation in a mouse model of sepsis.89 A
third approach used sialidase inhibitors to prevent the
removal of sialic acid by endogenous and/or exogenous
sialidases. Indeed, sialidase inhibitors can protect mice
from sepsis.90 Finally, conjugating Siglec ligands to an
anti-receptor antibody can be used to suppress the
excessive immune response in specific immune cells.91

Although only synthetic Siglec-9 agonists were tested
in virus-related inflammatory settings, such approaches
are promising tools for reducing inflammation during
viral infections.
Conclusions and outstanding questions
Siglecs are immunological switches: when ‘off,’, i.e.,
when their interactions are inhibited, they can enhance
the functions of several types of immune cells that are
central to anti-viral immunity; when ‘on’, i.e., when
their interactions are engaged, they can reduce hyper-
inflammation and hyper-activation of immune func-
tions. Over the last few years, several tools and ap-
proaches have been developed to either block Siglec
interactions or engage them. Some of these approaches
have been used to enhance immune functions against
viral infections (such as blocking antibodies and
sialidase-antibody conjugates to enhance immune
functions against HBV and HIV) or to prevent hyper-
inflammation (such as synthetic Siglec-9 agonists to
prevent hyper-inflammation during COVID-19). How-
ever, there is a need for extensive investigations to better
understand not only the role of Siglec interactions in
7
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modulating immune functions during viral infections
but also how to tailor Siglec-modulating approaches so
that they enhance immune functions without inducing
excessive inflammation, or they reduce excessive
inflammation without inhibiting critical immune func-
tions. These tailored approaches could include the
development of blocking or engaging antibodies/mole-
cules that are specific to immune cells or virally infected
cells. Such tailored approaches might enable an optimal
immunological equilibrium during viral infections by
blocking specific Siglec interactions to enhance certain
immune functions while simultaneously engaging other
Siglec interactions to reduce excessive inflammation.
Search strategy and selection criteria
Data for this review were obtained from PubMed using
the key words “Siglec”, “viral infection”, “Siglec
engaging”, “Siglec blocking”, “Siglec in vivo”, “Siglec in
cancer”. Articles published between 1980 and 2022 were
included with particular emphasis on those published in
the past five years.
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