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Abstract

An L-rhamnose-based hydrogelator self-assembles to form nanofibrils, which, contrasting to the
properties of monomeric L-rhamnose, suppress the antibody response of mice to phycoerythrin
(PE), a fluorescent protein antigen. As the first example of the supramolecular assemblies of a
saccharide to suppress immunity, this work illustrates a new approach of immunomodulation.

Recent vaccine design mainly relies on purified antigen-based acellular approaches due to
their low toxicity compared with whole pathogen-based approaches. However, purified
antigens require a helper (adjuvant) because of their inherently poor immunogenicity.
Currently, there are only two FDA-approved vaccine adjuvants: long-standing aluminium
salts (collectively termed alum) and the recently approved monophosphoryl lipid A (MPL).!
Despite alum’s effectiveness to induce Th2-biased immune responses, there are unmet needs
for adjuvants that are safer, have more precise molecular control, and induce Th1 or Th17 T
cell responses, which has stimulated the development of synthetic immunomodulatory
materials.2 While most studies have focused on fabricating polymer-based nanoparticles that
are preferentially internalized by antigen presenting cells (APCs),3 liposomes/micelles or
peptide-based nanofibrils resulting from molecular self-assembly are emerging as promising
alternatives. One promising approach is to covalently incorporate antigenic epitopes into the
structural components (lipids or peptides) of the adjuvants.* Another option is to physically
encapsulate purified antigens or antigen-coding DNA into liposomes or nanofibrils.> The
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initial explorations of both approaches have successfully demonstrated dramatically
enhanced immune responses, thus validating usage of self-assembly of small molecules for
immunomodulation.

On the other hand, recruitment of pre-existing “natural” antibodies has become an important
and integrated part of vaccine design. Because the human immune system produces a large
amount of natural antibodies against certain small organic molecules including a-Gal
epitope (Gal-a(1,3)-Gal-p(1,4)- GlcNAc/Glc), constituting about 1% of human serum IgG,6
the covalent linkage of antigens or antigenic epitopes to a-Gal would facilitate formation of
immune complexes with natural antibodies to induce complement deposition, opsonization,
and phagocytosis of antigens by APCs.” However, the complicated anomeric
stereochemistry of a-Gal makes it a rather prohibitive target of synthesis. Thus, it is still
impractical to covalently conjugate a-Gal with antigenic epitopes. Two independent groups
recently discovered even higher human natural antibody levels against L-rhamnose via
glycan array screening.® Although it is generally considered D-configuration monomeric
carbohydrate units are unable to elicit immunological response, the observation on the
immunogenicity of L-rhamonse8¢- 84 clearly suggests that the stereochemistry of
monosaccharides plays important role in understanding immune response of carbohydrates.
The relative facile synthesis of L-rhamnose offers a unique opportunity to explore the
incorporation of natural antigen saccharides into supramolecular assemblies for modulating
immune responses because the incorporation of simple saccharides in supramolecular
assemblies is able to achieve new functions.”

Encouraged by the development of self-assembling small glycopeptides'? and study of L-
rhamnose, 3¢ 8¢ we designed and synthesized a conjugate (1) of a self-assembling motif!!
and L-rhamnose (Scheme 1) to examine its immunomodulatory properties. Our results show
that 1 self-assembles in water to form supramolecular nanofibrils and to result in a weak
hydrogel, which allows the encapsulation of a fluorescent model antigen, R-phycoerythrin!2
(PE, Scheme 1). Intraperitoneal (i.p.) injection of PE encapsulated by the nanofibrils of 1
into the mice being pre-injected with purified human IgM (containing circulating natural a-
L-rhamnose antibodies), induces a reduction in IgG against PE in the murine model. As a
control, free L-rhamnose or nanofibrils without L-rhamnose are unable to reduce anti-PE
IgG. This immunosuppression by the L-rhamnose hydrogel is independent of complement
component 3 (Figure 2) and absent in intraplantar (i.pl.) vaccination of PE. These results not
only indicate that the murine peritoneal cavity result in a different mode of immunization,
but also highlight different immunological behaviours of monomeric L-rhamnose and the
supramolecular assemblies of L-rhamnose. Thus, the finding of this work ultimately may
lead to the development of new immunosuppressing materials by taking advantage of
molecular self-assembly of saccharides.

To obtain supramolecular nanofibrils that not only encapsulate antigens, but also interact
with human natural antibodies, we designed and synthesized 1 by introducing L-rhamnose to
a self-assembly motif (NapFFK).10¢- 13 Using the procedure reported by Sarkar and co-
authors,3d we synthesized 2, a L-rhamnopyranoside with carboxylic acid group. N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) activate 2 to react with the NH, group of the lysine residue in
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NapFFK. Finally, Zemplén deacetylation gives 1 with a total yield of 79%. Similarly, the
amide bond formation between butyric acid and NapFFK by offers 5, the self-assembling
molecule without L-rhamnose (as a control), with a yield of 84%. In addition, Zemplén
deacetylation of 2 gives 4 in a quantitative yield, a L-rhamnose derivative that acts as
another control.

After the synthesis, we tested the gelation properties of 1 and 5. At the centration of 0.4%
(w/v) in DPBS buffer (pH=7.4),Jr the molecules of 1 self-assemble to form nanofibrils with
the diameters of 7+2 nm. The entanglement of the nanofibrils forms a relatively dense
network (Fig. 1A), which results in a weak hydrogel (inset of Fig. 1A). Rheology
measurement confirms that the hydrogel is rather liquid-like, as supported by that both its
storage and loss moduli are around 1 Pa (Fig. S1). Molecules of 5, the control without L-
rhamnose, exhibit a much better gelation property in the same buffer, and form a stable
hydrogel at the concentration of 0.4 w/v% (inset of Fig. 1B). Rheology analysis of the
hydrogel of 5 reveals that the storage modulus to be around 1400 Pa and the critical strain
around 20.0% (Fig. S1). According TEM, the nanofibrils of 5 have the diameters of 10+2
nm (Fig. 2B), which are slightly wider than those of the nanofibrils of 1. The enhanced
gelation property of 5 likely originates from an improved balance of amphiphilicity due to
the absence of the hydrophilic L-rhamnose in 5.

After obtaining the nanofibrils of 1 and 5, we examined their abilities for
immunomodulation by encapsulating PE in the nanofibrils and injecting the hydrogels into
mice. Due to the low levels of anti-rhamnose antibodies in mice (Fig. S2),5¢ we injected
purified human IgM 12 hours prior to the immunization. Instead of observing an increased

8d we found a dramatic reduced

antibody response, as exhibited by monomeric L-rhamnose,
antibody response to PE (Fig. 2) in the case of i.p. immunization of PE encapsulated by the
nanofibrils of 1 in the mice pre-injected with purified human IgM (“PE with 1 + IgM”, Fig.
2). This reduction is absent in i.p. immunization of PE inside nanofibrils of 5 in the mice
pre-injected with purified human IgM (“PE with 5 + IgM”, Fig. 2). These two results
indicate that the presence of L-rhamnose is necessary for mediating the observed
immunosuppression. Without being pre-injected with purified human IgM, the mice, after
receiving i.p. immunization of PE inside nanofibrils of 1 (“PE with 1, Fig. 2), barely show
any reduction of immune responses, suggesting that IgM is also essential for the
immunosuppression. More interestingly, being immunized with a mixture of 4 and PE,
neither the mice with the pre-injection of IgM (“PE with 4 + IgM”, Fig. 2) nor the mice
without the pre-injection (“PE with 4, Fig. 2) exhibits a reduction of aPE levels, strongly
suggesting that the monomeric L-rhamnose is unable to mediate the immunosuppression.
This result not only agrees with previous reports about the immune response of L-
rhamnose, 8¢ 84 but also confirms that molecular assemblies of L-rhamnose differ drastically
from the properties of the monomeric L-rhamnose. Moreover, our result shows that there is
little further immunosuppression in complement component 3 (C3) knock-out mice (“PE
with 1 + IgM (C3-/-)”, Fig. 2). Since C3 is most abundant and immunologically most
important component of the complement system that mediate complement deposition,
opsonization, and some pathways of phagocytosis, the independence of C3 suggests that this
immunosuppression process may be mediated by the Toso/IgM Fc receptor, which has a
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high expression in B cells relative to innate immune cells.!# The modest reduction of IgG
responses to PE mixed with anti-PE antibodies likely stems of the fast clearance before
proper antigen presentation (“PE + aPE”, Fig. 2). No detected signal of IgG or IgM against
5 in the serums from the mice receiving injections of 1 or 5 suggests that the self-assembly
motif 5 is non-immunogenic. In terms of the anti-PE titering of IgG isotypes (i.e., [gGy1,
IgGy2a, IgGy2b and IgGy3) in Fig. S3, the amount of IgGy2a is largely dominant and this
matches the IgG isotype response induced by IFN-gamma.!5 Therefore, we speculate that
this antibody response is Th1 biased. Interestingly, the lack of immunosuppression in the
mice received i.pl. immunization of PE encapsulated by the nanofibrils of 1 (Fig. S4)
indicates that the immunosuppression also depends on the distinct immune environment of
peritoneal cavity, which is largely unexplored.!®

In conclusion, this unique immunosuppression by L-rhamnose nanofibrils highlights the
immunomodulating properties offered by the supramolecular glycopeptide assemblies of a
simple saccharide. Although most work on immunomodulation by synthetic materials has
focused on boosting the immune response, immunosuppression by synthetic materials
should find its own clinical relevance to many immunological disorders where rampant
immune activation is deleterious, such as inflammatory bowel disease (IBD) and allergy.
The understanding of the mechanisms behind this work certainly will offer a new path,

hopefully among many, for developing immunomodulatory materials.
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Fig. 1.
Transmission electron microscopy (TEM) images of the negatively stained self-assembled

nanofibrils of (A) 1 and (B) 5 at the concentration of 0.4 % (w/v) (scale bar: 100 nm; inset:
the optical images of the weak hydrogel of 1 and hydrogel of 5)
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Fig. 2.
ELISA readouts of absorbances at 405 nm for total Immunoglobulin G (IgG) levels against

PE in serum of mice 28 days after intraperitoneal immunization by the indicated samples
(NS: P> 0.05; **: 0.05<P <0.01; ***: P <0.001).
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a-L-rhamnose IgM

Scheme 1.
Illustration of the interactions of L-rhamnose in molecular nanofibrils with natural

antibodies (a-L-rhamnose IgM) in mediating the suppression of antibody responses against
a model foreign antigen (R-phycoerythrin) in mice.
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Scheme 2.
Synthetic route of L-rhamnose-containing glycopeptide (1) and the corresponding controls
4,5).
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