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Abstract: Carbohydrate-binding proteins are generally characterized by poor affinities for their natural glycan ligands,
predominantly due to the shallow and solvent-exposed binding sites. To overcome this drawback, nature has exploited
multivalency to strengthen the binding by establishing multiple interactions simultaneously. The development of
oligovalent structures frequently proved to be successful, not only for proteins with multiple binding sites, but also for
proteins that possess a single recognition domain. Herein we present the syntheses of a number of oligovalent ligands for
Siglec-8, a monomeric I-type lectin found on eosinophils and mast cells, alongside the thermodynamic characterization of
their binding. While the enthalpic contribution of each binding epitope was within a narrow range to that of the
monomeric ligand, the entropy penalty increased steadily with growing valency. Additionally, we observed a successful
agonistic binding of the tetra- and hexavalent and, to an even larger extent, multivalent ligands to Siglec-8 on immune
cells and modulation of immune cell activation. Thus, triggering a biological effect is not restricted to multivalent ligands
but could be induced by low oligovalent ligands as well, whereas a monovalent ligand, despite binding with similar
affinity, showed an antagonistic effect.

Introduction

Siglecs (sialic acid-binding immunoglobulin-like lectins) are
a family of lectins that participate in the discrimination
between ‘self’ and ‘non-self’ and regulate the function of
cells in the innate and adaptive immune system by recogniz-
ing glycan ligands.[1] They exhibit a sialic acid binding N-
terminal domain, one or more C2-set immunoglobulin
domains, and a cytoplasmic tail.[2] The cytoplasmic tail of
most Siglecs contains an immunoreceptor tyrosine-based
inhibitory motif (ITIM), which functions as an inhibitory
receptor and suppresses activation signals. Ligand binding
induces phosphorylation of the tyrosine motif by an Src
family kinase, resulting in the recruitment of SH2 (SRC
homology 2) domain containing phosphatases.[3] These
inhibit cellular processes through inactivation of essential
kinases and, therefore, can modulate crucial immune
responses.[4] In their resting state, most Siglecs are engaged
in cis interactions with sialylated glycans expressed on the

surface of the same cell.[5] As a result, Siglecs are essentially
masked and can only interact with trans ligands that display
sufficient affinity or avidity to outcompete the cis
interactions.[6]

Although different inhibitory Siglecs have different
biochemical mechanisms,[1b] a generalized model that sialo-
glycan-induced Siglec clustering leads to inhibition is the
basis for many investigations in this area.[7] Siglec-8, ex-
pressed on eosinophils, mast cells, and weakly on basophils,
has proven to be a promising target for the treatment of a
variety of eosinophil- and mast-cell-associated disorders,
such as asthma, chronic rhinosinusitis, chronic urticaria,
hypereosinophilic syndromes, mast cell and eosinophil
malignancies, and eosinophilic gastrointestinal disorders.[8]

The engagement of Siglec-8 with a monoclonal antibody[9] or
polyvalent sialic acid mimetics[10] induces apoptosis/cell
death of eosinophils and inhibits mast cell degranulation.
These findings could be confirmed when anti-Siglec-8 anti-
bodies were administrated in vivo to humanized and trans-
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genic mice selectively expressing Siglec-8 on eosinophils and
mast cells. Currently, a humanized IgG1 antibody against
Siglec-8 (AK002, lirentelimab), which acts as Siglec-8
agonist, depletes eosinophils through antibody-dependent
cellular cytotoxicity[11] and inhibits mast cell activation, is in
clinical development for mast-cell- and eosinophil-mediated
diseases.[9,12]

A promising alternative to targeting Siglec-8 with anti-
bodies involves the multivalent display of Siglec ligands on
liposomes,[10a] polymers,[10b,c] or nanoparticles.[10d] Thus, it
was shown that apoptosis can be initiated by treating
eosinophils with a synthetic polyvalent Siglec-8 ligand,[11]

and immunohistochemical analyses revealed an up-regula-
tion of Siglec-8 ligands in inflamed compared to healthy
tissue.[13] Additionally, Siglec-8 ligands could be presented
on liposomes. When encapsulating drugs, such liposomes
could be exploited for the delivery of their payloads to
eosinophils, thanks to their endocytic activity.[14] Alterna-
tively, liposomes simultaneously displaying Siglec-8 ligands
and allergens could provide a useful strategy for building up
tolerance and desensitize immune cells towards specific
antigens, thereby preventing the risk of anaphylactic
shocks.[10d]

Although all Siglecs interact with sialic acid containing
glycoproteins and glycolipids, individual family members
exert preferential binding to distinct sialic acid linkages and
underlying glycan structures.[1a] Bochner et al. showed that
Siglec-8 recognizes the tetrasaccharide 6’-sulfo-sialyl Lewisx

(1; Figure 1),[15] however, due to the flat and solvent-exposed
binding site only with an affinity in the submillimolar
range.[16] Similar to other natural Siglec ligands,[17] 6’-sulfo-
sialyl Lewisx (1) has been successfully developed into a
series of glycomimetics that exhibit low micromolar
affinity.[18]

Herein, we report the syntheses of a series of oligo- and
polyvalent Siglec-8 ligands with scaffolds of different
valencies and flexibilities. When characterizing their proper-
ties, special focus was set on determining the thermodynam-
ic fingerprint of their interactions with Siglec-8 and assessing
their biological function using an immune-cell-based assay.

Results and Discussion

When the Fucα(1–3)GlcNAc moiety was split from 6’-sulfo-
sialyl Lewisx (1, KD=279 μM, Figure 1), the resulting
disaccharide 2 (KD=574 μM) suffered only from a two-fold
reduction in affinity, indicating that the contribution to
binding of the Fucα(1–3)GlcNAc disaccharide is almost
completely compensated by the reduction of desolvation
enthalpy and conformational entropy.

In a second step, the galactose (Gal) moiety in 2 was
replaced by (1R,3S)-3-(hydroxymethyl)cyclohexan-1-ol, that
is, with a conformationally stabilized 1,4-butanediol linker to
the sulfate, leading to mimetic 3, which exhibits an almost
two-fold improvement of affinity (KD=259 μM). Appa-
rently, neither the ring oxygen nor the aglycone or the
hydroxyls in the 2- and 4-position essentially contribute to
binding.[18b]

To further enhance binding, an oligo- and multivalent
presentation of the carbohydrate ligand was explored. In
this way, clustering of Siglec-8 in microdomains can be
induced, which is required for triggering the biological
response.[6] In addition, an oligo- and multivalent ligand with
a proper spatial presentation of the individual epitopes
increases its local concentration to enable fast rebinding
upon dissociation.[19]

In order to achieve oligo- and multimeric presentations
of epitope 3, an additional exit vector is required to explore
the chemical space. Importantly, the vector should not
interfere with or preclude binding of the key functionality of
the epitope. For this purpose, we extended the carbocycle
with an additional hydroxy group that mimics the β1-4
glycosidic linkage between the Gal and N-acetyl-glucos-
amine (GlcNAc) moieties present in the parent tetrasac-
charide 1.

Synthesis of the Carbocyclic Gal Mimetic

The synthesis of the glycosyl acceptor 14 equipped with a
side chain for oligomerization started from commercial 3,5-
dihydroxybenzoic acid (Scheme 1). After esterification (!
5), rhodium-catalyzed hydrogenation at 100 °C and with
90 atm H2 for 72 h quantitatively yielded the all-cis deriva-
tive 6. Subsequent enzymatic asymmetrization[20] with por-
cine pancreatic lipase type II (PPL-II) and vinyl acetate led
to the enantiomer 7 with an overall chemical yield of 95%
over three steps. Its optical rotation was in agreement with
the reported value.[21] In addition, to determine the enantio-
meric purity, the corresponding Mosher ester 8 was formed,
while the non-asymmetric monoacetylation of 6 subse-
quently esterified with Mosher chloride provided the
diastereoisomeric mixture as reference. Surprisingly, 19F
NMR analysis was inconclusive, as only a single peak could
be detected for the Mosher derivative of racemic 6, not
allowing to distinguish the two diastereomers. However, in
the 1H NMR spectrum, the peaks of the signals for the
methyl ester and acetate were split for the two diaster-
eoisomers, indicating an enantiomeric excess >99% for 7
(for details, see the Supporting Information). Subsequent

Figure 1. The natural epitope 6’-sulfo-sialyl Lewisx (1), which binds to
the carbohydrate recognition domain (CRD) of Siglec-8, and the
derived glycomimetics 2 and 3.[18b]
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functionalization of the free hydroxyl group with freshly
prepared 2-bromoethyltriflate[22] afforded 9, and by nucleo-
philic substitution with sodium azide compound 10. Treat-
ment of 10 with a stoichiometric amount of lithium
borohydride resulted in a mixture of both alcohol 11 and
diol 12 in 19% and 45% yield, respectively. To avoid double
silylation, the tert-butyldiphenylsilyl (TBDPS) protection of
the primary alcohol in diol 12 (!14) had to be performed at
0 °C and lasted 43 h. Because the acetate in 11 acted as
protecting group, silylation could be performed at rt, leading
to 13 in only 19 h. The final deacetylation with aq. sodium
hydroxide yielded 14.

The aim of this work was to compare the monovalent
ligand 3 with its oligo- and multivalent presentations and to
study the impact of shape and flexibility of the scaffolds
used. Therefore, the Gal mimetic 14 was sialidated using
donor 15[23] (Scheme 2) to give pseudodisaccharide 16 in
50% yield. Subsequent treatment with HF to remove the
TBDPS protection (!17) and sulfation of the primary
hydroxyl group gave 18 in almost quantitative yield. Final
deprotection with aqueous NaOH provided the monovalent
ligand 19.

For facilitating the simultaneous formation of multiple
interactions, the central scaffold used for the oligo- and
multivalent presentation of the carbohydrate epitope has to

meet specific criteria regarding rigidity versus flexibility to
allow the proper spatial arrangement of the epitopes while
keeping the entropic penalty as low as possible. Therefore, a
number of flexible, branched, carbocylic and aromatic
scaffolds were decorated with the carbohydrate epitope 19
by click chemistry (Scheme 3).

The alkyne-equipped scaffolds S11–S20 to be used for
CuAAC (copper-catalyzed azide-alkyne cycloaddition)
coupling[24] with 19 were obtained by treatment of the
corresponding alcohols S1–S10 with propargyl bromide
under basic conditions (Scheme 3). Various bases from mild
K2CO3 for the phenolic hydroxyl groups to NaH or KOH
for the primary alcohols were applied (see the Supporting
Information for experimental details). Click CuAAC reac-
tions yielding the oligovalent compounds 20–30 were
performed using copper(I) bromide as CuI source and
tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) as stabiliz-
ing agent to prevent copper oxidation and disproportion.[25]

For the synthesis of the multivalent representative 33,
compound 19 was further modified to enable the attachment
to a L-lysine polymer (PLL), employing a previously
published procedure that used γ-thiobutyrolactone as linker
for attaching amines to chloroacetyl derivatives of PLL
(Scheme 4).[26] First, hydrogenation of 19 led to the primary
amine 31, which was then treated with γ-thiobutyrolactone

Scheme 1. Synthesis of the glycosyl acceptor 14. Reagents and conditions: a) H2SO4, MeOH, reflux, 4 days (quant.); b) Rh/Al2O3, H2 (90 bar),
MeOH, 100 °C, 72 h (quant.); c) vinyl acetate, PPL (lipase from porcine pancreas, type II), room temperature, 20 h (95%); d) (R)-(� )-MTPA-Cl,
CH2Cl2, 0 °C!rt; e) 2-bromoethyltriflate, DIPEA (N,N-diisopropylethylamine), toluene, 25!100 °C, 48 h (quant.); f) NaN3, DMF (dimeth-
ylformamide), room temperature, 24 h (quant.); g) LiBH4, THF/MeOH, 0 °C!rt, 18 h (11, 19% and 12, 45%) h) TBDPSCl (tert-
butyldiphenylsilylchloride), DMAP (4-dimethylaminopyridine), imidazole, room temperature, 43 h (71%); i) TBDPSCl, DMAP, imidazole, room
temperature, 19 h; j) NaOH (aq), MeCN (acetonitrile), room temperature, 19 h (71% from 11). For experimental details, see the Supporting
Information.
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Scheme 2. Synthesis of monovalent epitope 19. Reagents and conditions: a) NIS (N-iodosuccinimide), TfOH (triflic acid), MS 3 Å, MeCN, � 40 °C,
14 h (50%); b) HF ·pyr, pyridine, 0 °C, 7 h (95%); c) SO3 ·pyridine, DMF (dimethylformamide), room temperature, 5.5 h (99%); d) NaOH (aq),
room temperature, 48 h (84%). For experimental details, see the Supporting Information.

Scheme 3. General synthesis of oligomeric ligands with distinct scaffolds. Reagents and conditions: a) propargyl bromide, base, DMF, 0 °C!rt (5–
90%); b) 19, copper(I) bromide, TBTA, MeCN/H2O, room temperature, overnight (19–63%). The acronyms indicate the valency of the ligand, the
type of scaffold [flexible with number of atoms (flex-No), branched (bran), cyclohexane-based (cycl), or benzene-based (arom)]. Compound Di-flex-
4 (20) was synthesized from commercially available 1,7-octadiyne. For experimental details, see the Supporting Information.
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yielding the functionalized ligand 32. Finally, chlorine
substitution on chloroacetyl PLL400 provided polymer 33, the
loading of which was determined by 1H NMR spectroscopy
to be 44% (see the Supporting Information for details).

Qualitative Binding Assessment to Siglec-8 CRD with NanoDSF

For the qualitative assessment of the binding of oligovalent
ligands to the CRD of Siglec-8, nanoscale differential
scanning fluorimetry (nanoDSF) was employed. Thus, the
protein was incubated with a constant concentration of
ligand, and the thermal denaturation profile was measured
by monitoring changes of the fluorescence signal of the
protein’s aromatic residues as a function of temperature.
Depending on the relative affinity, a ligand bound to the
protein stabilizes its native state, causing a shift of the
apparent melting temperature Tm to higher values.[27]

NanoDSF results for the various ligands are summarized
in Table 1 (and Figure S3, Supporting Information). While
the Siglec-8-CRD alone showed a Tm of 45.5 °C, incubation
with the lead glycomimetic 3 or the monovalent ligand 19
resulted in ΔTm shifts of +2.4 and +2.2 °C, respectively. The
small difference of the ΔTms indicates that the additional
azidoethyloxy substituent in 19 is not interfering with the
protein and, thus, is ideally suited to link the carbohydrate
epitope to the scaffolds. For the oligovalent compounds,
positive temperature shifts with intensities increasing with
rising valencies were obtained.

Since both protein and ligand are present in solution and
can freely move, multivalent ligands may bind, in addition to
statistical rebinding, to more than one protein, leading to
aggregation phenomena. Since polymer 33 displays 176
epitopes, the actual concentration of epitopes, and therefore

the Tm shift, is considered as comparable to the monovalent
ligands 3 and 19.

Thermodynamic Characterization of Ligands

Besides the qualitative analysis of binding by nanoDSF, a
more detailed and quantitative analysis was obtained by
isothermal titration calorimetry (ITC), providing informa-

Scheme 4. Synthesis of glycopolymer 33. Reagents and conditions: a) Pd(OH)2/C, H2 (1 atm), H2O, rt, 24 h (96%); b) γ-thiobutyrolactone, NaOH,
MeOH/H2O, rt, 24 h (45%); c) DBU (1,8-diazabicyclo[5.4.0]undec-7-ene), DMF/H2O, rt, 1 h; then thioglycerol, Et3N (triethylamine), rt, overnight
(91%, loading 44%). For experimental details, see the Supporting Information.

Table 1: Tm and ΔTm (relative to reference compound 3) values for
various ligands. Siglec-8-CRD was used at a concentration of 20 μM
and incubated with 1 mM of each ligand except 33. For polymer 33, the
assay concentration was 5 μM and therefore 200-fold lower.

Compound Tm [°C] ΔTm [°C]

Siglec-8-CRD 45.5 –
3 (reference compound) 47.9 +2.4

Monovalent 19 47.7 +2.2

Di-flex-4 (20) 50.8 +5.3
Di-flex-6 (21) 52.3 +6.8
Di-flex-8 (22) 49.2 +3.7
Di-flex-12 (23) 49.7 +4.2

Tri-bran (25) 50.5 +5.0

Tri-cycl (26) 50.0 +4.5
Tri-arom (27) 50.8 +5.3

Tetra-bran (24) 51.2 +5.7

Hexa-bran (28) 55.8 +10.3
Hexa-cycl (29) 55.2 +9.7
Hexa-arom (30) 55.1 +9.6
Glycopolymer 33 47.5 +2.0
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tion on binding affinity and thermodynamics at the same
time. According to Table 2, the affinity trend in ITC
measurements largely follows the increase in the number of
interacting epitopes of the oligomers. Indeed, divalent
compounds gained on average a 5.1-fold increase in affinity
compared to the monovalent ligand, while these benefits are
14.2-, 16.1- and 25.9- fold for tri-, tetra- and hexavalent
ligands, respectively.

The enthalpies (ΔH°) per epitope of the oligovalent
ligands are within a narrow range (ΔH°/epitope= � 27.8�
2.5 kJ ·mol� 1), indicating comparable enthalpy contributions
from each epitope when compared to the monovalent ligand
19. The small deviations are likely related to desolvation
enthalpies (ΔH°solv) stemming from the various scaffolds.

Furthermore, affinities also depend on the nature and
flexibility of the scaffold. As expected, entropy costs
increase with valency but are cancelled out by enthalpy
contributions. Surprisingly, the entropy costs related to
branched, cyclic and aromatic scaffolds do not show any
tendency. In addition, within a valency group, affinities vary
only marginally, that is, within a factor of 2.1 for divalent to
1.3 for hexavalent ligands, probably as a result of entropy/
enthalpy compensation.[28]

However, much larger deviations (between 10.4 to
24.7 kJ ·mol� 1) were registered for the entropy penalties per
epitope. Whereas for the divalent ligands 20–23 the average
entropy penalty per epitope is rather small (14.3�
3.0 kJ ·mol� 1), it increases steadily with growing valency to

Table 2: Thermodynamic fingerprints, binding affinities, and stoichiometry of the interaction of oligovalent ligands with the Siglec-8-CRD.[a]

Compound KD

[μM]
ΔG°
[kJ ·mol� 1]

ΔH°
[kJ ·mol� 1]

ΔH°/epitope
[kJ ·mol� 1]

� TΔS°
[kJ ·mol� 1]

TΔS°/epitope
[kJ ·mol� 1]

N-value
(fixed)

19 230
(225–235)

� 20.8
(� 20.8–� 20.7)

� 29.7
(� 30.1–� 29.4)

� 29.7 8.9
(8.6–9.3)

8.9 1

Di-flex-4 (20) 37.7
(33.2–42.7)

� 25.2
(� 25.6–� 24.9)

� 54.8
(� 58.2–� 51.6)

� 27.4 29.5
(26.7–32.7)

14.8 0.5

Di-flex-6 (21) 64.6
(58.9–70.8)

� 23.9
(� 24.1–� 23.7)

� 59.3
(� 62.6–� 56.2)

� 29.7 35.4
(32.5–38.5)

17.7 0.5

Di-flex-8 (22) 47.7
(43.4–54.5)

� 24.7
(� 24.9–� 24.4)

� 52.9
(� 55.6–� 50.4)

� 26.5 28.3
(26.0–30.7)

14.2 0.5

Di-flex-12 (23) 29.8
(25.9–34.1)

� 25.8
(� 26.2–� 25.5)

� 46.7
(� 49.4–� 44.2)

� 23.4 20.8
(18.7–23.2)

10.4 0.5

Tri-bran (25) 15.1
(12.3–18.5)

� 27.5
(� 28.0–� 27.0)

� 77.6
(� 84.3–� 71.8)

� 25.9 50.1
(44.8–56.3)

16.7 0.333

Tri-cycl (26) 20.2
(16.9–24.1)

� 26.8
(� 27.2–� 26.4)

� 75.7
(� 82.2–� 70.1)

� 25.2 48.9
(43.8–55.0)

16.3 0.333

Tri-arom (27) 13.2
(11.6–14.9)

� 27.9
(� 28.2–� 27.6)

� 93.0
(� 97.6–� 88.8)

� 31.0 65.2
(61.3–69.4)

21.7 0.333

Tetra-bran (24) 14.3
(13.7–15.0)

� 27.6
(� 27.8–� 27.5)

� 124
(� 126–� 122)

� 31.0 96.2
(94.1–98.4)

24.1 0.25

Hexa-bran (28) 9.19
(8.30–10.2)

� 28.7
(� 29.0–� 28.5)

� 176
(� 184–� 169)

� 29.3 147
(140–155)

24.5 0.167

Hexa-cycl (29) 7.60
(6.60–8.75)

� 29.2
(� 29.6–� 28.9)

� 164
(� 174–� 155)

� 27.3 135
(126–144)

22.5 0.167

Hexa-arom (30) 9.90
(8.59–11.5)

� 28.6
(� 28.9–� 28.2)

� 176
(� 188–� 165)

� 29.3 148
(137–160)

24.7 0.167

[a] Error estimates resemble the 95% confidence interval from global fitting of two or more independent experiments (see the Supporting
Information for details).
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24.5�1.2 kJ ·mol� 1 for the hexavalent ligands 28–30 and
roughly follows the increase of the functional valency.

The entropy is composed of solvation, conformational
and mixing entropy (eq. 1).

DS�obs ¼ DS�solv þ DSconf þ DSmix (1)

Since oligovalent structures are associated with increas-
ing numbers of water molecules to be released into bulk
solvent, increasingly favorable � TΔS°solv values can be
expected. The contributions to the conformational entropies
� TΔSconf obviously depend on linker characteristics and are
in general difficult to estimate. An exception are the
divalent ligands. With the 12-atom linker in 23, two binding
sites can be reached without severely affecting the linker’s
flexibility, whereas shorter linkers as in the ligands 20–22
loose flexibility resulting in increased conformational en-
tropy penalties. Finally, ΔS°mix includes the loss of transla-
tional and rotational degrees of freedom. For N Siglec-8+

1 N-valent ligand, ΔS°mix is given according to ΔS°mix=

N ·R · ln(1/55.5)+R(N · ln(N)), where R is the universal gas
constant, N the number of interacting epitopes, and 1/55.5
represents the molar fraction of 1 mol of substance in 1 L of
water.[29] As a result, at 25 °C this corresponds to a � TΔS°mix
of 10.0 kJ ·mol� 1 for the monovalent ligand 19, and 26.5 and
30.3 kJ ·mol� 1 for the tetravalent 24 and hexavalent 28,
respectively.

In summary, the solvation entropy � TΔSsolv should
increase with valency and remains rather constant per
epitope and oligovalent ligands benefit from reduced mixing
entropies � TΔS°mix per epitope. On the other hand, the
conformational entropy � TΔSconf is determined by linker
geometry and difficult to predict but seems to be the main
source for entropy penalties. The normalized entropy
penalties (TΔS°/epitope=18.9�4.9 kJ ·mol� 1) for di- to hex-
avalent ligands differ generally according to valency, scaf-
fold flexibility (from linear, branched, cyclic to aromatic),
and numbers of rotational bonds per epitope (from 2 to 6).
Surprisingly, however, the scaffold does not have a strong
influence on activity, whereas the valency of the ligands has
a dominant impact. Hence, this opens the possibility to
influence pharmacokinetic properties of the ligands, such as
solubility, polarity or metabolic stability, via the scaffold
structure.

Immune-Cell-Based Assay

The ability of a synthetic polyacrylamide conjugate display-
ing glycan ligands to bind to cells that express Siglec-8 was
previously demonstrated by Bochner and co-workers.[11] To
elucidate the effect of affinity and avidity of Siglec-8 ligands
on the biological response, we compared the branched
oligovalent compounds 24 and 28 and the poly-L-lysine
glycopolymer 33 (PLL-33). In addition, the sulfonamide
derivative 34,[18b] which is 15 times more active than the
epitope used for 24, 28 and 33, was chosen as monovalent
test compound (Table 3). These four compounds were

evaluated for their ability to modulate the activation of
Siglec-8-expressing immune cells.

For testing the activity, we used Jurkat NFAT (Luc2)
cells[30] that were transduced with Siglec-8. This reporter cell
line possesses a firefly luciferase gene regulated by the
transcription factor NFAT (Nuclear Factor of Activated T
cells) that is activated by T cell receptor-mediated cell
stimulation. Previous results have shown that the presence
of inhibitory Siglecs such as Siglec-7 and Siglec-9 on these
cells negatively influences the signaling cascade leading to
the detection of a lower luciferase signal after activation.[30]

In accordance with these finding, we found that Siglec-8-
expressing Jurkat NFAT (Luc2) cells also showed a
decreased luciferase signal when compared to control-
transduced Jurkat cells (MOCK) upon stimulation with an

Table 3: Compounds tested in the immune cell assay and their
dissociation constants. Structures of the monomers 3 and 34,[18b]

tetravalent ligand 24, hexavalent ligand 28 and glycopolymer 33.
Ligands 24 and 28 are oligovalent versions and 33 is a polymeric
version of 3 (without linker) and 19 (with linker).

Comp. Structure KD
[a] [μM]

3[18b] 259

19 230

34[18b] 15

24 14.3

28 9.2

33 0.042

35[b] n.b.[c]

[a] Dissociation constants KD were determined by ITC (see the
Supporting Information for details). [b] Negative control. [c] n.b.: no
binding.
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agonistic CD3 antibody (Figure 2A). Addition of the
sulfonamide derivative 34 did not change the activation of
MOCK or Siglec-8 Jurkat cells (Figure 2B). In contrast, the
branched tetra-and hexavalent ligands 24 and 28 mediated
an increased activation of Siglec-8 Jurkat cells, while there
was no effect on MOCK control cells (Figure 2B). For the
tetravalent ligand 24 this effect was dose dependent, with
increasing concentrations resulting in stronger cell activa-
tion. Conversely, the hexavalent ligand 28 exerted the
strongest effect at lower concentrations (Figure 2B). The
glycopolymer 33 increased the activity of Siglec-8-expressing
Jurkat cells, while there was no effect on the MOCK control
cells (Figure 2C). To exclude any interference caused by the
structure of the polymer itself, a PLL400-based polymer
displaying D-mannose (35, Man-PLL400) instead of the sialic
acid derivative 19 as binding epitope, and thereby unable to
ligate Siglec-8, was used as negative control. Indeed, treat-
ment with this polymer did not result in a signal change,
confirming that the result with glycopolymer 33 was depend-
ent on Siglec-8 ligation (Figure 2C). Due to the increased
number of glycomimetic epitopes present in the glycopol-
ymer 33 we used lower concentrations (pM range) compared
to the μM concentrations of the branched oligovalent
ligands 24 and 28. When comparing the activities of the

compounds after correcting for valency, that is, at the same
ligand concentration (1 μM), the degree of activation
correlates with valency (Figure 2D). Whereas glycopolymer
33 showed the strongest activation of Siglec-8-expressing
Jurkat cells with a 3.3-fold increase in luminescence signal,
the hexavalent compound 28 showed a slightly lower (2.6-
fold) and the tetravalent compound 24 a 2-fold increase.
Finally, sulfonamide derivative 34 had no effect. The slight
increase in the activity of MOCK control cells in presence of
the multivalent glycopolymer 33 could indicate that off-
target effects may occur at higher concentrations (Fig-
ure 2D), which was not observed at lower concentrations
(Figure 2C).

We further tested the role of cis ligands present on
Jurkat cells on the activation potential of the tested Siglec-8
ligands. Therefore, we pre-treated Jurkat cells with sialidase
to remove naturally expressed ligands before stimulating the
cells in presence of glycopolymer 33. In all cases, sialidase
pre-treatment only led to a small increase in luciferase signal
compared to the corresponding non-pre-treated situation
(Figure 2E). Thus, sialidase pre-treatment only minimally
influenced the inhibitory effect of glycopolymer 33 on
Siglec-8-expressing Jurkat cells (Figure 2E).

Figure 2. Multi- and oligovalent Siglec-8 glycomimetics reduce the inhibitory effect of Siglec-8 on immune cells. MOCK or Siglec-8 transduced
Jurkat cells were left untreated (unstimulated) or activated with an activating CD3 antibody either in the absence or in the presence of Siglec-8
ligands at various concentrations. Activation of cells was measured by the luminescence signal induced after CD3 stimulation. A) Comparison of
activation of Siglec-8-expressing Jurkat cells and MOCK controls. The luminescence signal was normalized to the maximum luminescence signal
achieved by PMA/ionomycin stimulation. B–D) MOCK and Siglec-8 Jurkat cells were activated in the presence of monovalent mimetic 34,
tetravalent mimetic 24 and hexavalent mimetic 28 (B) or poly-L-lysine glycopolymer 33 in comparison to poly-L-lysine mannose polymer 35 as
negative control (C). The activation with Siglec-8 ligands was normalized to the activation with CD3 alone (dashed line) for each cell line. D)
Comparison of all Siglec-8 mimetics at a concentration of 1 μM. E) Siglec-8 and MOCK cells were treated with sialidase prior to activation with
CD3 in presence or absence of glycomimetic 33 (500 pM). Statistical analysis was performed by a t test between Mock transfected and Siglec-8
transfected Jurkat cells. *p<0.05, **p<0.01. Bars represent means with SD of 2–3 independent experiments.
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Overall, these results show that the oligovalent ligands
24 and 28 and the multivalent glycomimetic 33 bind Siglec-8
on Siglec-8-expressing Jurkat NFAT (Luc2) cells to cause an
activation of Siglec-8 signaling. In contrast, the monovalent
sulfonamide derivative 34 was not able to activate the
immune cells, despite having a 17-fold higher affinity than
the monovalent epitope 3 of the glycomimetics.

Conclusion

Siglecs are known to interact with glycans terminating in
sialic acid on the same cell surface (through cis ligation) and
to block interactions with lower affinity ligands, thereby
setting a threshold for productive Siglec signaling.[31] To
overcome this threshold, we produced and studied high-
affinity oligo- and multivalent ligands that are able to
compete with cis interactions.

The affinity of the preferred natural ligand 6’-sulfo-sLex

(1) for Siglec-8 is only 279 μM.[16] In a first step, we
structurally simplified the natural epitope to yield Siaα(2–3)-
6-sulfo-GalOMe (2) with a KD of 574 μM. Replacement of
the 6-sulfo-GalOMe moiety by (1R,3S)-(3-
hydroxycyclohexyl)methyl-1-sulfate yielded the Siglec-8 li-
gand 3 with a KD of 259 μM.[18b]

The question remains, whether the mimetics 3 and 34
occupy the same binding pocket as their natural counterpart
6’-sulfo-sLex (1, PDB ID: 2N7B)[16] and the recently
published 9-N-naphthylsulfonamide-Neu5Ac derivative
(PDB ID: 7QUI).[32] Since both, glycomimetic 3 and 34
exhibit the same pharmacophore as the two compounds
mentioned above, that is, the same molecular features
necessary for molecular recognition, it can be assumed that
they occupy the Siglec-8 binding site identically.

In this communication, a further affinity improvement
was realized by oligo- and multivalent presentations of
Siglec-8 ligand 3. To enable its oligo- or multivalent
presentation, a linker was introduced (!19, KD=230 μM).
Subsequently, a special focus was laid on the type of scaffold
employed (i.e., linear, cyclic, aromatic). When the oligova-
lent presentations of 19 (!20–30) were thermodynamically
characterized, we found that the enthalpy contributions for
each epitope were within a narrow range (ΔH°/epitope=

� 27.8�2.5 kJ ·mol� 1). The normalized entropy penalties
(TΔS°/epitope=18.9�4.9 kJ ·mol� 1) for di- to hexavalent
ligands differ generally according to valency, scaffold
flexibility (from linear, branched, cyclic to aromatic), and
numbers of rotational bonds per epitope (from 2 to 6).
Because the scaffold does not have a strong influence on
activity, this opens the possibility to influence pharmacoki-
netic properties of the ligands, such as solubility, polarity or
metabolic stability, via the scaffold structure.

Finally, mono-, tetra-, hexa- and multivalent Siglec-8
ligands were tested in an immune-cell-based bioassay to
study their ability to bind to Siglec-8 and modulate immune
activation. The monomeric glycomimetic 34 (KD=15 μM),
was not able to activate Siglec-8 signaling, whereas the
tetravalent ligand 24 exhibiting the same affinity showed a
clear effect. Furthermore, the hexavalent ligand 28 induced

receptor clustering to an even larger extent, reaching almost
the capability of the multivalent ligand 33 (Figure 2D). In
summary, not only synthetic polymers[10] or antibodies[9,11,12]

but also tetravalent 24 and, even more pronounced, the
hexavalent 28 were able to cluster Siglec-8 into micro-
domains, a process necessary for exerting an agonistic
biological response. Small monovalent molecules, however,
are not able to induce the formation of these microdomains
and, therefore, only antagonistically bind the protein in
positions they are present on the cell surface.

In a next step, the influence of epitope affinity (epitope
3 vs. epitope 34) on the biological response will be
investigated. In addition, further studies with cells naturally
expressing Siglec-8 will need to be conducted to test the
effect of our novel oligovalent Siglec-8 ligands on Siglec-8-
induced apoptosis of eosinophils and mast cells, because the
Jurkat model used is highly artificial and only a limited
number of natural ligands for cis interactions is present.
Testing in primary cells will mark an important step towards
the application of such molecules for the treatment of
eosinophil- or mast-cell-associated disorders.

Supporting Information

The data that support the findings of this study are available
in the supplementary material of this article.
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