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Recruitment of natural antibodies towards tumour cells for their elimination by the immune system
could be a highly specific and efficacious therapeutic strategy. While natural L-rhamnose has already
been explored as a suitable antigen for antibody recruitment, we here report the first rhamnose-based
glycomimetic to be used for such purpose. The glycomimetic is designed to be more hydrolytically and
enzymatically stable than natural rhamnosides, provides a site for easy further conjugation and proved
to capture anti-rhamnose IgG antibodies in serological ELISA assay.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Utilizing the immune system to combat diseases, such as can-
cer, can be a particularly specific and efficacious therapeutic strat-
egy. Although significant progress has been made in surgery,
chemo- and radiotherapy, we are still on the lookout for new can-
cer treatment approaches that could improve long-term survival
and tolerability. An interesting novel idea is based on selective
labelling of tumour cells with compounds able to recruit naturally
produced antibodies, which then activates the immune system and
ultimately leads to destruction of these cells.

The destruction of malignant cells happens through two anti-
body effector mechanisms: complement-dependent cytotoxicity
(CDC) and antibody-dependent cell-mediated cytotoxicity (ADCC)
[1–4]. CDC is based mainly on IgM type antibodies, their recruit-
ment leads to activation of the classical complement cascade. Sub-
sequently, signalling molecules such as cytokines and
inflammatory mediators are released. These signalling molecules
then attract neutrophils, macrophages, and natural killer cells that
are involved in ADCC. Immune effector cells recognize IgG antibod-
ies bound to the cell surface and initiate ADCC through activation
of Fc receptors [4].
Endogenous antibodies could be recruited towards tumour cells
with the help of a so called antibody recruiting molecule that con-
sists of an antibody binding module and a tumour binding module
as shown in Fig 1 [5]. The function of the tumour binding module is
to specifically recognize and bind to epitopes only present on the
surface of tumour cells. Upon binding of the antibody recruiting
molecule to the tumour cells, the antibody binding module is then
presented on the surface of those cells. The antibody binding mod-
ule on the other hand should contain an antigen that is recognized
by antibodies and subsequently directs them towards tumour cells.
There are three main criteria for an ideal antigen for this purpose
[4]. First, the antigen has to be readily accessible or easy to synthe-
size and it should be possible to conjugate it to the tumour binding
module. Second, it is considered a significant advantage if the anti-
gen binds endogenous antibodies, because those are present even
in partially immunocompromised individuals. Finally, the antigen
should preferably bind antibodies of both IgG and IgM isotype, so
that it can use both CDC and ADCC effector mechanisms.

Several potential antigens have been identified, for example
dinitrophenyl (DNP), galactose-a-1,3-D-galactose (aGal) and a-L-
rhamnose (aRha) (Fig. 2). DNP is a small molecule that is immuno-
genic and can be easily manipulated, however natural anti-DNP
antibodies are present only in low concentrations [6–8]. Addition-
ally, DNP can non-specifically interact with membranes and albu-
mins, which limits its potential as an antigen [9–10]. As an
alternative, aGal is a natural antigenic epitope present in most
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Fig. 1. The antibody recruiting molecule consists of two modules: a) antibody
binding module and b) tumour binding module.

Fig. 2. Potential antigens for endogenous antibody recruitment: a) galactose-a-D-
1,3-galactose (aGal), b) a-L-rhamnose (aRha), c) dinitrophenyl (DNP), d) rhamnose
based glycomimetic used in this study.

Scheme 1. One-pot aziridine opening reaction for the synthesis of rhamnoside 3.
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mammals and bacteria, yet absent in humans and therefore recog-
nized as foreign [11–12]. Due to constant exposure to endogenous
gut bacteria, anti-Gal antibodies actually represent approximately
2% of circulating IgG and 3–8% of serum IgM in humans [13–15]. A
significant drawback of utilizing aGal for antibody recruitment
however is its synthetic complexity, both for chemical and
chemoenzymatic synthesis [16–19]. Finally, the aRha epitope is,
similar to aGal, common in microbes and plants and absent in
humans [20–22]. In fact, it has been reported that anti-Rha anti-
bodies are the most abundant and prevalent anti-carbohydrate
antibodies in human serum [23–24]. The exposure of tumour cells
to rhamnose-bearing glycolipids and human serum also promotes
complement-mediated cytotoxicity [4]. This shows that aRha is an
excellent candidate for further development in immune system
recruitment strategies.

In addition to antibody recruitment for tumour cell elimination,
it has been proposed that a rhamnose binding lectin is present on
the surface of malignant cell lines [25]. Such lectin was found for
instance on the surface of normal human dermal fibroblasts
(NHDFs) and human umbilical venous endothelial cells (HUVEC)
[26–27]. Therefore, aRha could also play an important role in anti-
2

tumor activity by binding to the rhamnose binding receptor of cer-
tain cell lines [25].

Previously, several groups successfully constructed rhamno-
sides for recruitment of natural antibodies. For example, aRha
functionalized liposomes were developed for selective tumour cell
targeting [28]. Such system works on the basis of multivalent
amplification of low-affinity interactions between carbohydrates
and antibodies that lead to efficient recognition of cancer cells by
the immune system [29–30]. Further, aRha can be incorporated
onto the scaffolds of cytotoxic agents, for example betulinol 3,28-
di-O-a-L-rhamnopyranoside and betulinic acid 3-O-a-L-rhamnopy-
ranoside display antitumor activity [31–33]. Rhamnose derivatives
of anthracenes [34–35], steroids [36] and saponins [37] also
showed cytotoxicity.

While rhamnose-based constructs clearly show the potential as
anticancer therapeutics, the carbohydrate nature of aRha is inher-
ently linked to certain drawbacks, such as low affinity and meta-
bolic instability. To overcome the low affinity of rhamnose-
antibody interactions, multivalent systems can amplify the impact
with the so-called cluster effect [38–39]. In fact, the importance of
multivalent presentation of aRha for efficient recognition with nat-
ural IgM antibodies was demonstrated [5], leading to the develop-
ment of different multivalent rhamose-based glycoconjugates
[5,40]. Still, all previously developed constructs utilized natural
aRha, which is, as all natural saccharides, sensitive to enzymatic
and acid-catalysed hydrolysis. Therefore, we here report the syn-
thesis and serological evaluation of a rhamnose-based gly-
comimetic antigen (Fig. 2) with an improved metabolic stability,
equipped with a site for easy conjugation to multivalent systems
and/or tumour binding module.
Results and discussion

As described above, all previous constructs utilized natural
aRha and conjugated it to the scaffold through an O-linkage, which
is sensitive to enzymatic hydrolysis. We therefore decided to
rather introduce an S-linkage which is known to be significantly
more resistant towards glycosidases [41]. Our group has previously
shown that pseudo-thio-dimannoside is an excellent mimic of the
natural dimannoside epitope in the development of DC-SIGN
ligands [42], thus confirming that due to similar bonding and
geometry, the anomeric oxygen can in fact be replaced with a sul-
phur atom.

Working with S-glycosides is also synthetically advantageous as
they are often easier to synthesize. In fact, we previously devel-
oped a one-pot synthetic procedure for synthesis of N-linked
pseudo-thio-glycosides, including rhamnoside 3 as shown in
Scheme 1 [43]. In this procedure the peracetylated rhamnosyl
thioacetate 1 is deacetylated in situ at the anomeric position by
excess amount of Et2NH. This generates a thiolate able to open
the aziridine 2. The product 3 is formed as a single compound from
a selective trans-diaxial aziridine opening in an excellent 92% yield.
The reaction is carried out as a one-pot procedure at room temper-
ature and is thus facile and operationally simpler than classic gly-
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cosylation methods. The rhamnoside 3 is equipped with an agly-
cone that can assist its binding and contains an N-linkage for sim-
ple conjugation to multivalent scaffolds or directly to the tumour
binding module. The a-anomeric configuration of the Rha deriva-
tive 3 was established on the basis of the NOESY experiment and
the measured JH1-C1 HSQC NMR without 13C decoupling [43].

To prove that the glycomimetic 3 can in fact be used for further
conjugation and for the purpose of biological evaluation by ELISA
assay, a multivalent construct 10 was then synthesized from the
thio-rhamno conjugate 3 as shown in Scheme 2. The design of 10
includes a hydrophobic tail, to allow immobilization of the struc-
ture on an ELISA plate, and three copies of the thio-rhamnoside
ligand, to generate a minimal cluster effect. For its synthesis, after
Boc deprotection of 3 (TFA, quant), the resulting amine 4 was cou-
pled with 5-azido-valeric acid 5 using HATU as the coupling agent
to give 6 in 87% yield. On the other hand, the tetravalent alkyne 8
was synthesized from pentaeritritol with propargyl bromide and
treated with 10-azidodecane 7 to afford the trivalent alkyne 9 in
35% yield. The monovalent rhamnose-azide conjugate 6 was then
Scheme 2. Synthesis of multivalent construc

3

used in a click reaction with 9 using CuI/CH3CN and the final mul-
tivalent construct 10 was obtained in 29% yield after deacetylation
of hydroxyl groups with MeNH2/THF and purification with size
exclusion chromatography on P2 gel with eluent H2O:MeOH 1:1.

As a negative control we synthesized a dendrimer 12 by ester-
ification of 5 with triethylene glycol followed by a click reaction of
11 with 9 to afford 12 in 22% yield upon purification with size
exclusion chromatography on P2 gel with eluent H2O:MeOH 1:1
(Scheme 3).

A serological ELISA assay with 12 human samples from healthy
donors was then performed adapting a protocol from a similar
study [44]. This solid phase assay was designed to prove the ability
of the rhamnosylated construct in capturing anti-Rha IgG
antibodies.

Briefly, the ELISA plate was coated with product 10 or 12 and
after a blocking step, the wells were incubated with human
plasma. After washing, an anti-human IgG antibody conjugated
with horseradish peroxidase was added to the wells. A last wash-
ing step was then performed followed by the addition of the chro-
 

t 10 from the thio-rhamno conjugate 3.



 

Scheme 3. Synthesis of dendrimer 12 that was used as negative control in the ELISA experiment.
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Fig. 3. Human IgG in plasma detected by coating ELISA plates with the mentioned
dendrimer (n = 12, biologically independent samples). Ordinary two-way ANOVA
with an alpha signification level of 0.05 was used with Prism GraphPad version 6�0.
P � 0.01 is indicated with **. OD, optical density.
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mogenic substrate. The readout of the wells was done reading the
plate at 450 nm. Fig. 3 showed the binding results: dendrimer 12
was able to capture anti-Rha IgG while the control dendrimer 10
showed a significant lower binding. These results proved that den-
4

drimer 10 could be explored to target anti-Rha IgG for vaccination
strategies.
Conclusions

As the search for novel strategies to combat cancer continues,
immunotherapy certainly shines as one of the most promising
options. The utility of synthetic chemistry in immunotherapy has
already been demonstrated through development of antitumoral
vaccines, yet immunization of immunocompromised cancer
patients is often inefficient. Therefore, it appears to be more suit-
able to use a synthetic molecule that would direct the endogenous
antibodies towards tumour cells. We herein report the first rham-
nose-based glycomimetic that can be potentially used as the anti-
body binding module for such purpose. In comparison to the
natural aRha epitope, the glycomimetic is designed to be more
enzymatically and hydrolytically stable and equipped with an
aglycone that allows simple conjugation to tumour binding mod-
ule or multivalent scaffold. This study sets the stage for the devel-
opment of a second generation of rhamnose-based glycomimetics
to be used for antibody recruitment.
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