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Synthetic materials that can engage the innate and adaptive immune systems are receiving increasing interest to confer 

protection against onset of future disease, such as pathogen infection, as well as to treat established diseases, such as 

autoimmunity and cancer. Carbohydrates are integral to various immune-related processes, including inflammation, 

adaptive memory, and tolerance, through both their non-covalent recognition of carbohydrate-binding proteins and as 

chemical signatures that distinguish self from non-self. Harnessing the biological activity of carbohydrates, however, was 

long hindered by the lack of a ‘sugar code’ defining their structure-function relationships, the difficulty of carbohydrate 

synthesis, and the weak binding affinity of monovalent carbohydrates for proteins or other biomolecules. The advent of 

new glycan synthesis approaches, combined with increased understanding of the role of multivalent carbohydrate clusters 

in immunology, has spurred significant recent growth in the development of multivalent synthetic materials modified with 

carbohydrates (i.e. “glycomaterials”) to activate, temper, or inhibit specific immunological processes. In this review, we 

highlight recent advances in glycomaterials that can inhibit T cell apoptosis, establish antigen-specific tolerance, suppress 

inflammation, or inhibit viral entry into host cells via non-covalent recognition of carbohydrate-binding proteins. In 

addition, we survey glycomaterials that can act as vaccines for adaptive immunological recognition and memory of 

carbohydrate antigens, with a particular emphasis on vaccines against tumor-associated carbohydrate antigens as cancer 

immunotherapies. In total, these examples demonstrate the enormous potential of glycomaterials to prevent or treat 

diverse diseases by engaging specific immunological processes. 

1. Introduction 

Carbohydrates, including monosaccharides, oligosaccharides, 

polysaccharides, and their conjugates, are major components 

of all organisms. For example, cellulose, a polymer of β-linked 

D-glucose found in plants, algae, and certain bacteria, is the 

most abundant organic compound on Earth.
1
 In addition, 

approximately 50% of mammalian proteins are post-

translationally modified with mono- or oligosaccharides (i.e. 

“glycosylated”).
2
 Although long-thought to serve primarily 

passive space-filling or barrier roles, there is growing 

appreciation that carbohydrates are integral to numerous 

biological processes in accordance with their natural 

abundance. For example, non-covalent interactions between 

carbohydrates and carbohydrate-binding proteins are essential 

for gamete fusion during the earliest stages of development in 

various organisms,
3
 as well as maternal tolerance of the fetus 

throughout the course of mammalian development.
4
 The 

importance of carbohydrates in human development is further 

exemplified by “congenital disorders of glycosylation”, rare 

defects in carbohydrate synthesis machinery that are 

associated with a range of minor to severe developmental and 

functional consequences.
5
  In addition to their role in 

development, carbohydrates and their interactions with 

carbohydrate-binding proteins are also integral to 

inflammation,
6
 immune privilege in various adult tissues (e.g. 

cornea and central nervous system),
7,8

 pathogen infection ,
9
 

wound healing,
10

 and metastasis.
11

 Thus, carbohydrates are 

intriguing as both targets and bioactive components of 

therapeutics and diagnostics for various biomedical 

applications. Here, we focus on recent advances in synthetic 

materials modified with carbohydrates, referred to as 

“glycomaterials”, as therapeutics that can engage the immune 

system to prevent or treat diseases.  
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Synthetic materials are receiving increasing interest for 

creating carbohydrate-based therapeutics because they 

provide platforms to mimic immobilized multivalent 

carbohydrate clusters that are prevalent in nature. For 

example, mammalian epithelial cell surfaces are rich in 

glycosylated proteins (i.e. “glycoproteins”), glycolipids, and 

polysaccharides, which form the “glycocalyx”, a viscous, gel-

like sugar coating.
12

 In addition, mammalian extracellular 

matrices are composed of glycoproteins, polysaccharides, and 

proteoglycans organized into a hierarchically-ordered network 

with tissue-specific compositional, structural, and functional 

properties.
13,14 

Similarly, microbial cell surfaces have a 

glycocalyx that is primarily composed of polysaccharides, such 

as the capsular polysaccharides (CPS) and lipopolysaccharides 

(LPS) of the bacterial cell wall,
15

 while bacterial “biofilms” are 

supported by an extracellular matrix of polysaccharides 

associated with DNA and proteins.
16

 Finally, glycoproteins are 

often embedded within the phospholipid membrane 

surrounding enveloped virus protein capsids.
17

 Often referred 

to as the ‘glycocluster effect’,
18

 the immobilization, valency, 

and spatial organization of glycans within natural 

microenvironments are important determinants of 

carbohydrate biological activity. In particular, glycan 

immobilization and valency can significantly increase the 

otherwise low, micro- to millimolar range affinity of 

monovalent carbohydrates for proteins and other 

biomolecules through avidity effects, such as chelation and 

statistical rebinding.
19

 In addition, valency and spatial 

organization can introduce physical or steric constraints that 

influence carbohydrate binding to biomolecules.
20,21

 In this 

review, particular emphasis is placed on the ability of synthetic 

glycomaterials to recapitulate natural glycocluster effects via 

multivalency, while also providing exceptional control of 

glycan type, density, and organization to optimally activate, 

temper, or inhibit specific immunological processes. In 

particular, the following sections will survey synthetic 

multivalent glycomaterials that can modulate innate and 

adaptive immune responses via binding to specific 

carbohydrate-binding proteins, act as vaccines for cancer 

immunotherapy, confer protection against viral entry into host 

immune cells, and screen for carbohydrate-binding 

biomolecule expression (Figure 1).  

2. Glycomaterials for immunomodulation 

Non-covalent interactions between glycans and “lectins”, a 

diverse family of soluble and transmembrane carbohydrate-

binding proteins, can modulate or reshape various aspects of 

innate and adaptive immunity. For example, binding of soluble 

galectins to β-galactosides on cell surface and extracellular 

matrix glycoproteins can activate outside-in signaling events 

that influence various immunological processes, including 

inflammation,
22

 auto-reactive T cell ‘negative selection’ in the 

thymus,
23

 and antigen-specific T cell activation.
24

 Binding of 

transmembrane Sialic acid-binding immunoglobulin-type 

lectins, or “Siglecs”, to sialic acids that are prevalent on 

mammalian glycoproteins and glycolipids is important for B 

cell recognition of ‘self’ and natural killer cell recognition of 

‘damaged self’.
25

 In contrast, binding of C-type lectin receptors 

(CLR) to foreign carbohydrates, such as mannose, provides an 

innate immune system mechanism for detection of ‘non-self’ 

that can amplify foreign antigen internalization, processing, 

and presentation to T cells.
26

 Finally, binding of E-selectin to 

sialyl Lewis X (SLeX) mediates leukocyte adhesion, rolling, and 

extravasation through endothelium into damaged tissue sites 

during inflammation.
27

 As a result, there is growing interest in 

therapeutics that can disrupt lectin-glycan interactions to 

promote or suppress particular immunological events.  

 Perturbing lectin-glycan interactions is often hindered by 

the low affinity of monovalent carbohydrates for highly-

Figure 1: Examples of glycomaterials for immunotherapy, immunomodulation, infection prophylaxis, and immunodiagnostics highlighted in this review. 
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hydrated lectin carbohydrate recognition domains (CRDs). This 

can be addressed, in part, with polysaccharides or synthetic 

glycoclusters that recapitulate the avidity effects of high-

density glycans found throughout nature.
28

 However, 

additional challenges arise because different lectins within a 

particular family can have antagonistic or specialized roles in 

innate or adaptive immunity, yet their CRDs are often highly 

conserved and therefore difficult to selectively target. For 

example, galectin-1, -3, and -8 preferentially bind β-

galactosides, yet galectin-1 and galectin-8 can co-stimulate 

antigen-specific T cell responses, whereas galectin-3 

antagonizes galectin-1 and galectin-8 signals.
29

 Siglec-2 and 

Siglec-7 demonstrate preference for α2,6-linked sialic acids, 

yet Siglec-2 is exclusively expressed by B cells and regulates 

their activation during B cell receptor (BCR) recognition of 

antigens, whereas Siglec-7 regulates natural killer cell-induced 

cytotoxicity.
30,31

 Observations from natural lectin-glycan 

interactions suggest that binding affinity and specificity are 

influenced by carbohydrate multivalency, as well as the spatial 

organization of carbohydrates within glycoclusters. For 

example, dense clusters of complex-type (CX) β-galactosides 

on the HIV gp120 coat protein can bind to galectin-1, which 

stabilizes gp120 interactions with host CD4 molecules.
32

 In 

contrast, galectin-3 is unable to bind to gp120 CX glycans in 

their native conformation.
32

 Thus, there is growing interest in 

synthetic glycoclusters that provide exquisite control of 

carbohydrate type, density, and spatial organization to 

selectively disrupt lectin-carbohydrate interactions. For 

example, a recent survey of synthetic multivalent galectin 

inhibitors, such as glycodendrimers, calix[n]arenes, cyclic 

glycopeptides, and cyclophanes, underscores the importance 

of glycan valency and spatial organization in galectin inhibitor 

design, particularly in the context of galectin binding to cancer 

cell surface glycans.
33

 Here, we focus on synthetic 

glycomaterials that provide control of glycan type, valency, 

and spatial organization to modulate the bioactivity of 

galectins, Siglecs, CLRs, and selectins for immunomodulation. 

2.1 Glycomaterials that sequester galectins to inhibit T cell 

apoptosis 

Galectins are often over-expressed within tumor 

microenvironments and at the fetal-maternal interface, where 

they can induce activated T cell apoptosis and establish local 

sites of immunological privilege.
34,35

 Thus, there is increasing 

interest in therapeutics that can perturb galectin-T cell binding 

within disease microenvironments to maintain local T cell-

dependent immune responses. Small molecules, such as β-

galactoside analogs and lactosamines,
36,37

 are often hindered 

by low galectin-binding affinity and selectivity. Naturally-

derived polysaccharides, such as modified citrus pectin (MCP) 

and Davanat® (Galectin Therapeutics),
38,39

 often demonstrate 

higher galectin-binding affinities than small molecules, but 

afford limited control of ligand density and organization. In the 

following sections, we highlight recent examples of self-

assembled glycomaterials with easily adaptable carbohydrate 

composition that can be tailored to enhance galectin-binding 

affinity and specificity, emphasizing the efficacy of these 

glycomaterials as inhibitors of T cell response to galectins.  

2.1.1 Pseudopolyrotaxanes. To create glycomaterials with 

optimal galectin-binding properties, Stoddart, Baum, and 

colleagues adapted a pseudopolyrotaxane supramolecular 

assembly originally developed by Harada.
40,41

 In particular, 

they synthesized lactose-modified cyclodextrin (LCD) “beads” 

that are threaded onto polyviologen polymer “strings”. Self-

assembled LCD “beads on a string” inhibited galectin-1-

mediated T cell agglutination, an early marker of apoptosis, 

more effectively than soluble lactose or LCD units (10- and 6.7-

fold, respectively). In contrast, a chitosan-based glycomaterial 

only provided 1.7-fold enhancement over soluble lactose, 

while trivalent glycoclusters showed no enhancement of 

inhibitory efficacy over soluble lactose. The authors suggested 

that the enhanced inhibition of galectin-1 by supramolecular 

assemblies was due to the ability of the LCD to freely rotate 

around the polyviologen axis, as well as slide along its 

backbone, which enabled dynamic rearrangement of the 

glycan ligands into the most thermodynamically-favorable 

spatial organization for galectin binding. 

In a subsequent study, varying the length of the 

polyviologen backbone and number of LCD units threaded 

onto the polymer provided insights into correlations between 

the physical characteristics of pseudopolyrotaxane LCD self-

assemblies and their interaction with galectin-1.
42

 For 

example, supramolecular assemblies were more effective 

inhibitors of T cell agglutination via galectin-1 than soluble LCD 

or soluble β-lactose, regardless of polymer length or number 

of LCD units, underscoring the importance of multivalency and 

cooperative ligand binding for galectin inhibition. Assemblies 

with a longer polyviologen backbone inhibited T cell 

agglutination more effectively than those consisting of a 

shorter polymer, suggesting that galectin-glycan binding is 

enhanced by a greater number of total ligands in a given 

supramolecular assembly and/or a greater distance for 

intramolecular bridging of the polymer via galectin-1 dimers.  

Interestingly, assemblies with roughly 25% of polyviologen 

sites “threaded” by LCD inhibited T cell agglutination by 

galectin-1 more effectively than half-threaded and nearly 

completely threaded assemblies, demonstrating that maximal 

ligand valency does not necessarily result in highest binding 

affinity. Taken together, these observations demonstrate the 

inherent advantages of highly multivalent glycomaterials with 

tunable valency characteristics for creating galectin inhibitors 

with optimal properties. 

2.1.2 Self-assembled glycopeptide nanofibers. Our laboratory 

recently created a multivalent galectin inhibitor based on self-

assembled glycopeptide nanofibers.
43

 In particular, we 

synthesized a glycosylated analog of the β-sheet fibrillizing 

peptide Q11 (QQKFQFQFEQQ), which self-assembles into 

nanofibers under aqueous conditions (Figure 2a).
44

 The 

concentration of carbohydrate integrated into the nanofibers 

can be easily and precisely varied by simply mixing different 

molar ratios of glycosylated and non-glycosylated Q11 

molecules together in the pre-assembled state. In addition, 
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glycan chemistry can be tailored by incubating glycopeptide 

nanofibers with a glycosyltransferase and sugar donor, as 

exemplified by the efficient on-nanofiber conversion of GlcNAc 

monosaccharides to galectin-binding LacNAc disaccharides.  

Self-assembled glycopeptide nanofibers bound galectins in 

a carbohydrate-dependent manner. In particular, affinity of 

LacNAc-Q11 nanofibers for galectin-1 increased with LacNAc-

Q11 mole fraction over the range of 0-50%, whereas galectin-3 

binding was saturated at LacNAc-Q11 mole fractions > 10% 

(Figure 2b-c). Notably, glycan chemistry was an important 

determinant of galectin-binding affinity, since GlcNAc-Q11 

nanofibers had lower affinity for galectin-1 than LacNAc-Q11 

nanofibers, and no apparent affinity for galectin-3 (Figure 2b-

c). In contrast, affinity of GlcNAc-Q11 nanofibers for wheat 

germ agglutinin (WGA), a GlcNAc-binding lectin, correlated 

with GlcNAc-Q11 mole fraction, whereas LacNAc-Q11 

nanofibers demonstrated no apparent affinity for WGA. Thus, 

the ability to easily and precisely tailor the type and valency of 

carbohydrate ligands displayed by self-assembled glycopeptide 

nanofibers enabled fine tuning of their lectin-binding 

properties.   

LacNAc-Q11 nanofibers inhibited T cell apoptosis via 

galectin-1 as measured by agglutination, phosphatidylserine 

exposure, and metabolic activity loss. As expected, nanofibers 

with the highest galectin-1 binding affinity (i.e. highest LacNAc-

Q11 mole fraction) inhibited T cell apoptosis most effectively, 

and were significantly more potent than the monovalent β-

galactoside analog, thiodigalactoside (TDG) (Figure 2d). This 

enhanced inhibition of T cell apoptosis was likely due to the 

nearly order of magnitude increase in binding affinity of 

galectin-1 for nanofibrillar LacNAc when compared to soluble 

lactose. Notably, LacNAc-Q11 nanofibers failed to inhibit 

galectin-3 mediated T cell apoptosis, consistent with data 

demonstrating that LacNAc-Q11 nanofibers have higher 

affinity for galectin-1 than galectin-3. Taken together, these 

observations suggest that self-assembled glycopeptide 

nanofibers with easily modifiable carbohydrate content may 

ultimately lead to galectin inhibitors having binding affinity 

and selectivity that greatly surpasses that of conventional 

small molecule or polysaccharide-based inhibitors. 

2.2 Glycomaterials that engage Siglecs to induce B cell 

tolerance 

The primary function of B cells is to produce antigen-specific 

antibodies in response to antigen detection via B cell receptors 

(BCRs), a diverse population of membrane-anchored 

antibodies with highly variable antigen-binding domains.
45,46

 

BCR recognition of foreign antigens is therefore crucial for 

establishing humoral immunity to pathogens, yet aberrant BCR 

recognition of self-antigens can lead to autoimmunity. Siglec-2 

and Siglec-G are key regulators of B cell autoantibody 

production, which co-localize with BCR via binding to “self” 

sialic acids in cis (i.e. on the same cell) or trans (i.e. on a 

neighboring cell), and in turn inhibit intracellular signal 

transduction following BCR recognition of autoantigens.
47

 As a 

result, there is growing interest in creating therapeutics that 

can engage Siglec-2 and Siglec-G to modulate B cell activation.  

Following the general trend of inhibitors of lectin-

carbohydrate interactions, creating therapeutics to modulate 

Siglec function is also challenged by the low affinity of Siglecs 

for monovalent sialic acids (e.g. Neu5Acα(2,6)Galβ, Kd ≈ 0.2 

mM).
48

 In addition, therapeutics to activate Siglecs in trans 

must also overcome natural cis interactions between Siglecs 

and dense glycans present on the host cell membrane. For 

example, Razi and Varki demonstrated that glycopolymers 

modified with natural sialic acid ligands could only engage 

Siglec-2-positive B lymphoma cells or resting human peripheral 

blood B cells in trans if cis-acting sialic acids were first removed 

Figure 2: Self-assembled glycopeptide nanofibers that sequester 

galectin-1 to inhibit T cell apoptosis. A) Schematic representation 

of glycopeptide self-assembly into nanofibers with tailored 

carbohydrate content and chemistry. B) Binding of galectin-1 and 

(C) binding of galectin-3 to GlcNAc-Q11 and LacNAc-Q11 

nanofibers. D) Inhibition of galectin-mediated T cell apoptosis by 

LacNAc-Q11 nanofibers. Reproduced with permission from [43]. 
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from the cell surface.
49

 Since then, sialic acid glycomaterials 

based on polymers, liposomes, and virus-like particles (VLPs) 

have demonstrated efficacy for engaging Siglec-2 in trans to 

deliver payloads that induce cell apoptosis as a treatment for B 

cell lymphoma.
50,51,52

 Below, we highlight advances in synthetic 

glycomaterials engineered to engage Siglecs in trans to induce 

antigen tolerance.    

2.2.1 Sialylated polymers to induce antigen-specific B cell 

tolerance. To understand the role of Siglec-2 trans interactions 

on antigen-specific B cell activation in vitro, Kiessling and 

colleagues created co-polymers of a Siglec-2 ligand, 

Neu5Acα2,6Galβ1,4Glc, and the T-independent hapten, 

dinitrophenol.
53

 Polymers having only the Siglec-2 ligand did 

not bind B cells, whereas those having only the hapten 

potently activated B cells, as indicated by increased 

intracellular calcium flux and phosphorylation of tyrosine 

kinases associated with BCR signaling. In contrast, co-polymers 

of the hapten and Siglec-2 ligand bound to B cells and 

attenuated BCR signaling, thereby inhibiting B cell activation. 

This study provided an important early demonstration that 

polyvalent sialic acid glycomaterials can engage Siglec-2 in 

trans to inhibit antigen-specific B cell activation.  

Following from this initial study, Paulson, Nemazee, and 

colleagues demonstrated that polymer conjugates carrying 

natural or synthetic glycan ligands that bind both Siglec-2 and 

Siglec-G can induce antigen-specific B cell tolerance to a T-

independent hapten (nitrophenol (NP)) in vivo.
54

 In particular, 

polymers carrying only the hapten induced robust anti-NP 

immunoglobulin (Ig)M and IgG3 antibodies, whereas polymers 

carrying the hapten and a natural or synthetic Siglec ligand 

induced weak or undetectable anti-NP responses, respectively. 

Notably, a single dose of hapten-polymer conjugate carrying 

the synthetic Siglec ligand induced persistent NP tolerance, 

whereas the molar ratio of hapten to natural Siglec ligand 

governed tolerance induction. In the presence of a Toll-like 

receptor (TLR)-4-binding adjuvant, a hapten-polymer 

conjugate carrying the synthetic Siglec ligand significantly 

reduced anti-NP responses, despite failing to induce tolerance, 

demonstrating that engaging Siglecs in trans can suppress B 

cell activation in response to inflammatory stimuli.  

2.2.2 Siglec-engaging tolerance-inducing antigenic 

liposomes. Paulson and colleagues created liposomal vehicles 

capable of inducing tolerance to both T-independent haptens 

and T-dependent protein antigens by engaging Siglecs in 

trans.
55,56

 For example, Siglec-engaging tolerance-inducing 

antigenic liposomes, or “STALs”, modified with NP or hen egg 

lysozyme induced tolerance to either antigen by up-regulating 

antigen-specific B cell apoptosis.
55,56

 In addition, STALs 

engaging Siglec-2 also induced tolerance to ovalbumin, myelin 

oligodendrocyte glycoprotein, and Factor VIII (FVIII).
55

 FVIII-

STAL enhanced the efficacy of recombinant FVIII for inhibiting 

blood loss in a murine model of hemophilia,
55

 which is 

noteworthy since long-term clinical use of recombinant FVIII is 

often limited by production of inhibitory antibodies. Thus, 

STALs may be able to establish prophylactic tolerance that can 

enhance the clinical efficacy of inherently immunogenic 

biotherapeutics.  

2.3 Targeted antigen delivery via CLRs 

Ligands that bind to receptors that are exclusively expressed 

by antigen-presenting cells (APCs) can provide targeted 

antigen delivery that greatly amplifies antigen 

immunogenicity.
57,58

 Carbohydrates are particularly interesting 

as targeting ligands, because dendritic cells (DCs) and 

macrophages exclusively express numerous transmembrane 

CLRs that bind to carbohydrates and internalize them via 

receptor-mediated endocytosis.
59

 As a result, antigens 

targeted to CLRs via carbohydrate ligands can more efficiently 

enter the endo-lysosomal pathway, where they are processed 

and loaded onto major histocompatibility complex (MHC) class 

II molecules for presentation to CD4+ T cells.
60

 In addition, 

targeting antigens to CLRs can also induce cross-presentation 

to generate CD8+ cytotoxic T cell responses and long-term T 

cell memory through a yet undefined pathway.
61

  

 APCs express numerous different CLRs, including DEC205, 

DC-SIGN, Dectin-1, mannose receptor (MR), langerin, and 

macrophage galactose-type lectin (MGL).
59

 Initial efforts to 

target CLRs focused on receptor-specific antibodies.
60

 

However, each CLR contains a unique carbohydrate-

recognition domain with specificity for different carbohydrate 

structures, such as mannose, fucose, or galactose. Thus, as 

understanding of the carbohydrate-binding specificity of each 

receptor has increased, so have efforts to develop 

glycomaterials that can selectively target antigens to specific 

CLRs. In the following sections, we highlight recent 

developments in materials-based approaches for targeted 

antigen delivery to DC-SIGN, mannose receptor, and Dectin-1.  

2.3.1 DC-SIGN targeting. DC-SIGN is one of the best 

understood CLRs.
62

 It contains a carbohydrate-recognition 

domain that has specificity for high-mannose-containing 

structures and Lewis-type blood antigens (i.e., Le
X
, Le

Y
, Le

b
 and 

Le
a
). Early studies demonstrated that modifying soluble 

antigens with DC-SIGN-binding glycans can enhance their 

uptake, processing, and presentation to CD4+ T cells.
63

 Based 

on these observations, van Kooyk and colleagues developed 

materials-based approaches to enhance antigen 

immunogenicity via DC-SIGN targeting. In one approach, they 

created poly(amido amine) (PAMAM) dendrimers modified 

with a peptide antigen terminated with Le
b
.
62

 Dendrimer 

binding to DC-SIGN increased with Le
b
 multivalency, with 

dendrimers carrying 16-32 glycan units demonstrating optimal 

internalization by DCs, routing to lysosomal compartments, 

antigen presentation, and induction of antigen-specific CD4+ 

and CD8+ T cell proliferation.   

In an alternative approach, van Kooyk and colleagues 

developed liposomes modified with the DC-SIGN-binding 

glycans, Le
b
 or Le

X
.
64

 DC-SIGN targeting increased DC 

internalization of liposomes, DC presentation of encapsulated 

antigen to CD4+ and CD8+ T cells, and differentiation of 

transgenic antigen-specific CD8+ T cells into interferon (IFN)-γ-

producing effector cells in vitro. Notably, targeting was specific 
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for DC-SIGN, as anti-DC-SIGN antibodies reduced antigen 

presentation. Le
x
-modified liposomes also enhanced CD14+ 

dermal DC presentation of melanoma antigens to antigen-

specific CD8+ T cells by enhancing liposome internalization via 

DC-SIGN.
65

 However, liposome internalization and antigen 

presentation by dermal DCs required co-administration with 

cytokines, GM-CSF and IL-4, to upregulate dermal DC 

expression of DC-SIGN. More recently, a TLR-4-binding 

adjuvant (e.g. monophosphoryl lipid A (MPLA)) integrated into 

Le
x
-modified liposomes provided “self-adjuvanting” vaccines 

that induced DC activation and pro-inflammatory cytokine 

expression in a DC-SIGN-dependent manner, and in turn, 

significantly enhanced DC cross-presentation of a melanoma 

antigen to antigen-specific CD8+ T cells.
66

 

Liposome formulation is an important determinant of CLR 

targeting. For example, DCs internalized glycoliposomes with a 

poly(ethylene glycol) (PEG) spacer separating the particle and 

glycan to a lesser extent than glycoliposomes lacking PEG.
67

 

Multivalent glycosylated liposomes were efficiently 

internalized via DC-SIGN but not Langerin, which instead 

preferentially internalized monovalent glycopeptides.
65

 It has 

been suggested that these observed differences in CLR-

mediated internalization are due to differences in receptor 

clustering into nanodomains within the cell membrane, 

atlhough many mechanistic details remain to be understood. 

Nonetheless, glycan presentation and the ‘glycocluster effect’, 

in which multivalency can increase protein-carbohydrate 

binding affinity while also introducing steric limitations that 

confer protein-carbohydrate binding specificity, are likely to be 

important design considerations when creating new 

glycomaterials to target CLRs.  

In addition to their potential to enhance induction of 

therapeutic or prophylactic immunity, glycomaterials targeting 

DC-SIGN can also aid in elucidating the molecular mechanisms 

of CLR-mediated antigen internalization, processing, and 

presentation. For example, Cambi et al. created quantum dots 

(QDs) modified with SLeX glycans, the HIV-1 envelope 

glycoprotein gp120, or an anti-DC-SIGN antibody, which 

enabled real-time analysis of antigen internalization and 

trafficking.
68

 QDs were internalized rapidly, accumulated in 

LAMP-1-positive lysosomes within ~30 min, and were retained 

within MHC II-positive intracellular compartments for up to 48 

h. With increasing interest in the use of carbohydrate ligands 

as targeting motifs to deliver antigens to APCs, understanding 

antigen processing and trafficking dynamics may provide 

important insights for designing novel approaches to modulate 

immune cell responses or enhance antigen immunogenicity. 

2.3.2 Mannose receptor targeting. Mannose receptor (MR) is 

another CLR that has been extensively studied for targeted 

delivery of antigens to APCs.
69,70,71

 In the context of materials-

based vaccines, MR-targeted delivery of polyanhydride (PA) 

particles has received significant attention because PA is 

biocompatible, biodegradable, and has inherent adjuvant 

properties.
72,73

 Mannosylated PA nano- and microparticles 

were more efficiently internalized by DCs, upregulated DC 

expression of MR, and induced DC expression of the co-

stimulatory molecules (CD86, MHC II and CD40) that are 

necessary to activate CD4+ T cells to induce an adaptive 

immune response.
74,75

 Multivalent carbohydrate presentation 

by PA particles was necessary for DC maturation, since DC 

expression of co-stimulatory molecules was not up-regulated 

by soluble sugars. Similarly, PA nanoparticles modified with di-

mannose and galactose bound to CLRs on alveolar 

macrophages, increased macrophage expression of MHC I/II, 

CD86, CD40, the CLR CIRE, and inflammatory cytokines, while 

also up-regulating expression of macrophage mannose 

receptor or macrophage galactose lectin, respectively.
76

 Using 

an ocular immunization route, mannosylated PA nanoparticles 

loaded with the hot saline subcellular fraction extracted from 

Brucella ovis (B. ovis) conferred improved protection against B. 

ovis infection in mice when compared to a commercial 

vaccine.
77

 More recently, mannose receptor targeting 

enhanced DC uptake of PA nanoparticles loaded with an HIV-1 

antigen, while also up-regulating DC expression of the co-

stimulatory surface marker CD40, and the CLR, CD206.
78

 

In addition to PA, MR targeting has also been explored with 

other materials-based vaccines. For example, mannosylated 

PAMAM dendrimers enhanced antigen presentation, DC 

maturation, and antigen-specific CD4+ and CD8+ T cell 

responses in vivo.
79

 Mannosylation of VLPs enhanced their 

uptake by murine and human DCs, while also increasing 

murine DC cross-presentation of a model MHC-I-restricted 

peptide antigen to antigen-specific CD8+ T cells in vitro.
80

 

Crosslink-stabilized, glucomannan-modified chitosan 

nanoparticles enhanced production of anti-bovine serum 

albumin IgG and IgA antibody production, as well as up-

regulated expression of the inflammatory cytokines, IL-2 and 

IFN-γ, in murine oral immunization models.
81

 Taken together, 

these examples highlight the enormous potential of MR 

targeting as a general strategy to enhance adaptive immunity 

via materials-based vaccines. 

2.3.3 Dectin and DCIR targeting. One limitation of CLR 

targeting is that only a limited number of CLR-binding 

carbohydrate ligands have been identified to date.
82

 Recently, 

Maglinao et al. developed a glycomaterial platform to identify 

new, selective CLR ligands based on microarrays displaying 52 

biologically-relevant carbohydrates, including 

monosaccharides, disaccharides, sialylated oligosaccharides, 

sulfated saccharides, heparins, blood group antigens, high 

mannose structures, and tumor antigens, among others.
83

 

Fusion proteins of an Ig Fc-domain fragment and two copies of 

CRDs from CLRs of the Dectin-1 and dendritic cell 

immunoreceptor (DCIR) families were used to identify new 

glycan ligands with binding selectivity for Dectin-1 or DCIR. 

Conjugating glycan ligands identified via this screen to the 

model antigen OVA enhanced antigen uptake and presentation 

by DCs. Similar array-based approaches have proven useful for 

uncovering glycan-binding specificity of other lectins involved 

in innate and adaptive immunity,
84,85,86 

suggesting that glycan 

arrays may be broadly useful for informing the design of new 

immunomodulatory materials or lectin-targeting delivery 

vehicles. 
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2.4 Targeting selectins to supress inflammation 

P-, E-, and L-selectin, which are expressed by platelets, 

endothelial cells, and lymphocytes, mediate leukocyte and 

lymphocyte homing to sites of tissue damage during acute and 

chronic inflammation, as well as lymphocyte trafficking to 

secondary lymphoid organs, via their interaction with SLeX 

glycans.
87,88

 Thus, inhibiting selectin-SLeX binding is a 

promising therapeutic target to suppress aberrant 

autoinflammatory responses or chronic inflammation. 

However, the affinity of selectins for monovalent SLeX ligands 

is low, in line with the general trend of lectin-carbohydrate 

interactions. To create an L-selectin inhibitor, Chaikof and 

colleagues developed multi-arm polyethylene oxide (PEO) star 

polymers terminated with a selectin-binding ligand, sulfated β-

lactose.
89

 12-arm star polymer glycoclusters inhibited 

neutrophil and macrophage recruitment during thioglycollate-

induced peritoneal inflammation to a similar extent as heparin, 

which inhibits L- and P-selectins via sulfate-dependent 

interactions.
89

 In contrast to heparin, however, the star 

polymer selectively inhibited macrophage adhesion to 

immobilized L-selectin with an IC50 in the low nanomolar 

range. Notably, glycan valency was an important determinant 

of inhibitory activity, as 3- and 4-arm star polymers were 

ineffective for reducing neutrophil and macrophage 

recruitment during peritoneal inflammation. More recently, 

sulfated polyglycerol dendrimers and glycosylated polyglycerol 

dendrimers have demonstrated efficacy as inhibitors of both L- 

and P-selectin with IC50s in the nanomolar range,
90,91

 while E-

selectin inhibitors based on polyvalent SLeX glycomaterials 

have been developed using gold colloids and chitosan 

conjugates.
92,93

 One notable challenge in the development of 

SLeX glycomaterials as E-selectin inhibitors is the inherent 

difficulty of SLeX synthesis and its susceptibility to enzymatic 

degradation. Thus, future efforts to create potent E-selectin 

inhibitors will likely benefit from improved synthesis methods 

or synthetic SLeX analogs with enhanced stability. 

In addition to suppressing inflammation, selectin-binding 

glycomaterials can also be used to visualize inflammation 

during disease progression. For example, van Kasteren et al. 

developed iron oxide glyconanoparticles (GNPs) to image pre-

symptomatic brain disease in vivo,
94

 since many 

neurodegenerative disorders are initiated by leukocyte 

recruitment to the CNS and onset of local inflammation that 

induces tissue damage.
95,96,97

 GNPs carrying millions of copies 

SLeX (“GNP-sLex”) successfully crossed the blood-brain barrier 

of mice, localized to CNS capillaries overexpressing E- and P-

selectin, and served as contrast agents that enhanced the 

resolution of MRI scans for neuroinflammation. Thus, 

glycomaterials engineered to target selectins may ultimately 

lead to ‘theranostics’ that can simultaneously monitor 

inflammatory disease progression and suppress aberrant or 

chronic inflammation. 

3. Glycomaterials for adaptive immunotherapy 

Many saccharide chemistries, glycan structures, and 

polysaccharide repeat sequences are exclusive to a particular 

pathogen or significantly altered during disease progression 

(e.g. malignant cell transformation),
98,99

 and can be recognized 

by the immune system to distinguish self from non-self or 

altered self. For example, lipopolysaccharides found within the 

outer membrane of Gram-negative bacteria are recognized by 

TLR-4, a member of the TLR family of transmembrane 

“pathogen recognition receptors” (PRR) that can activate 

innate immune cells via binding to “pathogen associated 

molecular patterns”, or PAMPs.
100

 Similarly, collectins are a 

family of soluble PRR that can activate innate immune 

processes, such as the complement cascade, via binding to 

microbial glycan PAMPs.
101

 Toward adaptive immunity, 

pathogen-specific carbohydrates can be effective as antigens 

for prophylactic vaccines that confer protection against 

infection by various bacteria, including Neisseria 

meningitidis, Streptococcus pneumoniae, Haemophilus 

influenza type b (Hib), and Salmonella typhi.
102

 Significant 

efforts are now devoted to the use of carbohydrate antigens 

to develop prophylactic vaccines to prevent viral infection, as 

well as anti-cancer immunotherapies.
103

 

Unfortunately, carbohydrates are typically poor 

immunogens, which greatly challenges efforts to develop 

effective anti-carbohydrate vaccines. In part, this is because B 

cell production of anti-carbohydrate antibodies is typically a 

“T-independent” process, occurring independently of B cell 

recruitment of CD4+ T cell “help” via presentation of peptide 

antigens on MHC II.
104

 As a result, interactions between T and 

B cells in germinal centers that can lead to production of 

robust and persistent antigen-specific antibodies, such as 

antibody affinity maturation, IgM-to-IgG class switch 

recombination, and B cell differentiation into memory cells, do 

not occur.
105

 Instead, BCR recognition of carbohydrate 

antigens typically induces clonal expansion of short-lived B 

cells that produce anti-carbohydrate IgM antibodies with low 

antigen-binding affinity.
106

  

Avery and Goedel pioneered early efforts to increase 

carbohydrate immunogenicity in 1931, by conjugating 

carbohydrate antigens onto a highly immunogenic ‘carrier 

protein’, which can be processed and loaded into MHC II to 

recruit CD4+ T cell help.
107

 Several clinically successful vaccines 

have been developed using this approach to date,
108

 although 

carrier proteins are not without their own challenges. In 

particular, the chemical activation procedures and protein-

carbohydrate linkers used often provide heterogeneous glycan 

constructs, yet valency, density, and carbohydrate conjugation 

site can be important determinants of immunogenicity, as 

discussed in more detail below. In addition, antibodies are 

often directed towards the carrier protein and linker, rather 

than the carbohydrate epitope, which can lead to antigen 

suppression.
109,110

 In light of these limitations, there has been 

increasing interest in the design of self-adjuvanting 

monovalent glycoantigens as vaccines, and we direct the 

reader to excellent recent reviews on this topic.
111,112

 In 

addition, synthetic materials are receiving significant attention 
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as alternatives to carrier proteins for carbohydrate vaccines 

because they can provide multivalent antigen display on a 

background that is well defined, reproducible, modular, and 

minimally immunogenic. In the following sections, we highlight 

recent advances in combining carbohydrates and synthetic 

materials to create more effective glycovaccines.  

3.1 Glycovaccines as cancer immunotherapies 

Glycovaccines are intended to educate the immune system to 

recognize changes in glycosylation patterns that are unique to 

a disease state. For example, certain mucin-like glycoproteins, 

such as MUC1, are over-expressed by tumor cells.
113

 The 

apical-basal distribution pattern of MUC1 and other 

glycoproteins can also differ on tumor epithelial cells when 

compared to healthy cells.
114

 Tumor cell surfaces are also 

often decorated with glycans that are rare in healthy tissues 

(e.g. Tn antigen), due to genetic mutations of 

glycosyltransferases and glycosidases, as  well as 

transcriptional or translational changes in their expression.
115

 

As a result, there is increasing interest in glycovaccines that 

present tumor-associated carbohydrate antigens, or “TACAs”, 

to the immune system to establish tumor-specific immunity. 

However, TACA glycovaccines are often hindered by the weak, 

T-independent immunogenicity of carbohydrate antigens. 

Previous efforts to create T-dependent TACA vaccines via 

carrier proteins have been largely unsuccessful due to the 

strong immunogenicity of the carrier protein or linker, which 

ultimately leads to TACA epitope suppression.
116,117

 Thus, 

glycovaccines that can elicit robust T-dependent immune 

responses to TACA, while eliminating or greatly reducing 

carrier immunogenicity, are receiving increasing attention. In 

the following sections, we highlight recent advances in using 

synthetic materials to create TACA glycovaccines that can 

meet these requirements. 

3.1.1 Liposomal TACA vaccines. Liposomal formulations are 

advantageous for vaccine development because they are easy 

to prepare and can provide a platform for multivalent antigen 

display that is itself largely non-immunogenic.
118,119

  Boons et 

al created liposomal TACA vaccines based on lipidated 

glycopeptides that integrate into small unilamellar vesicles 

(SUV).
120

 In an early iteration, they synthesized a three-

component molecule comprising: 1) Tn antigen; 2) the YAF 

peptide, an MHC II-restricted T helper cell epitope peptide; and 

3) Pam3Cys, a TLR-2 agonist that can act as an adjuvant to 

activate APC, while also enabling incorporation of the 

glycopeptide into SUV for multivalent display. In murine 

models, SUV with integrated lipidated glycopeptides produced 

high titers of IgG antibodies that were specific for the Tn 

antigen, without inducing antibodies against the YAF peptide, 

the latter demonstrating that the carrier fulfills the 

requirement of being minimally immunogenic. Notably, 

previous efforts to generate TACA immunity by conjugating a 

carbohydrate antigen directly to Pam3Cys yielded no or low 

IgG antibody titers, highlighting the importance of the YAF 

peptide for providing T cell help to induce robust antibody 

production and class switch recombination.
121,122

 

The fully-synthetic nature of lipidated glycopeptides 

enables modular construction of compounds with various 

integrated adjuvants, which has provided insights into the 

importance of adjuvant selection in glycovaccine design. For 

example, lipidated MUC1 glycopeptides bearing the adjuvant 

Pam3CysSK4, which engages TLR-1 and -2, elicited higher titers 

of anti-MUC1 IgG antibodies than glycopeptides bearing 

Pam2CysSK4, which engages TLR-2 and -6.
123

 Similarly, 

replacing Pam3Cys with lipidated amino acids that are unable 

to bind TLRs greatly reduced anti-MUC1 IgG titers.
124

 Notably, 

immunization with an external adjuvant (e.g. Pam3Cys or 

monophosphoryl lipid A) and liposomes of MUC1 

glycopeptides with lipidated amino acids increased anti-MUC1 

IgG antibody titers, however these antibodies bound antigen-

expressing cancer cells weakly when compared to antibodies 

raised via immunization with MUC1 glycopeptides bearing 

Pam3Cys.
124

 Similarly, low titers of anti-MUC1 IgG antibodies 

were raised when the antigen, T cell epitope, and adjuvant 

were formulated into liposomes as individual components, 

suggesting that covalent conjugation of an antigen and T cell 

epitope may be necessary for concurrent processing and 

presentation of B and T cell epitopes by the same APC to 

potentiate TACA immunity.  

The fully-synthetic nature of lipidated glycopeptides also 

enabled design of a glycovaccine that can provide combined 

humoral and cellular immunity, which is advantageous for 

providing broad-spectrum anti-tumor immune responses.
125

 In 

particular, Boons et al. created a lipidated glycopeptide having 

a MUC1-derived glycopeptide antigen that can be presented 

by MHC class I to activate antigen-specific cytotoxic T 

lymphocytes (CTLs) (Figure 3a). Immunization with lipidated 

glycopeptide liposomes significantly reduced tumor burden in 

mice challenged with MUC1-bearing tumor cells when 

compared to mice immunized with liposomes of a non-

glycosylated antigen or a mixture of adjuvant and glycopeptide 

antigen (Figure 3b). The enhanced anti-tumor immune 

responses provided by lipidated glycopeptide liposomes were 

due to increased anti-MUC1 total IgG antibody titers, including 

increased anti-carbohydrate IgG3 titers,
126

 as well as induction 

of CD8+ CTLs that recognize both glycosylated and non-

glycosylated MUC1-derived peptides (Figure 3c). Together, 

these observations suggest that proper selection of antigens, T 

helper epitopes, and adjuvants can be used to tailor the 

immune system response to TACA vaccines to enhance anti-

tumor immunity.  

3.1.2 Supramolecular TACA vaccines. The self-assembly of 

individual molecules into supramolecular nano-scale 

architectures, such as nanoparticles and nanofibers, can 

provide highly-ordered platforms for multivalent display of 

molecules. As a result, there is growing interest in the use of 

supramolecular assemblies of amino acid-based molecules as 

vaccines.
127

 The following sections will highlight recent 

developments in glycovaccines based on VLPs with external 

adjuvants, nanoparticles with integrated adjuvants, and self-

adjuvanting peptide nanofibers. 
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3.1.2a Virus-like particles. Huang, Finn, and colleagues have 

extensively investigated VLPs as supramolecular carriers for 

TACA vaccines. VLPs are particularly advantageous because 

they often contain multiple T helper epitopes and are 

assembled from highly repetitive protein units that form an 

exquisitely organized surface for multivalent antigen display.  

In an initial demonstration, a VLP glycovaccine carrying ~60 

copies of Tn antigen conjugated to an engineered cysteine-

mutant of cowpea mosaic virus (CPMV) raised high titers of 

anti-Tn IgG antibodies that bound to Tn-expressing MCF-7 

breast cancer cells and multi-drug resistant NCI-ADR RES 

breast cancer cells when co-administered with an external 

adjuvant (complete Freund’s adjuvant (CFA)).
128

 Subsequently, 

a VLP glycovaccine carrying >2000 copies of Tn antigen 

conjugated to tobacco mosaic virus (TMV) induced robust anti-

Tn antibody production when co-administered with CFA.
129

 

Notably, the site of Tn antigen conjugation onto TMV was an 

important determinant of immunogenicity, since VLP with Tn 

conjugated to Tyr 139 elicited high anti-Tn IgM and IgG 

antibody titers, while Tn conjugated to the N-terminus failed 

to induce anti-Tn antibodies.  

More recently, Huang and Finn created a VLP glycovaccine 

carrying a maximum of 340 copies of Tn antigen conjugated to 

Qβ bacteriophage capsids, in which antigen dose could be 

precisely varied by altering the conditions of Tn conjugation via 

Huisgen ‘click’ cycloaddition.
130

 Qβ-Tn glycovaccines also 

produced high anti-Tn antibody titers when co-administered 

with CFA, and were significantly more potent than the CMV-Tn 

and TMV-Tn vaccines described above. The latter was 

particularly noteworthy due to the greatly reduced antigen 

load on Qβ-Tn when compared TMV-Tn (~300 vs ~2000), and 

demonstrates that antigen valency alone does not dictate 

immunogenicity. However, antigen density governed antibody 

class switch recombination. In particular, Qβ VLP having high 

Tn antigen density produced significantly higher IgG titers than 

VLP with ‘medium’ or ‘low’ antigen density, while IgM titers 

were similar in all groups. Thus, the highly reproducible 

control of antigen valency and density on VLP can be 

harnessed to elicit optimal anti-carbohydrate immune 

responses, and may thereby address limitations of 

conventional carrier vaccines having heterogeneous glycan 

composition and organization.  

In a subsequent study, however, Huang, Finn, and 

colleagues noted that in addition to high anti-Tn IgG titers, Qβ-

Tn rapidly induced high titers of IgG against the non-natural 

triazole linker, which suppressed anti-Tn responses.
131

 

Replacing the triazole linker with an alkyl amide greatly 

increased anti-Tn IgG titers, while also expanding the breadth 

of the raised antibody repertoire. As a result, vaccination with 

Qβ-alkyl amide-Tn in combination with chemotherapy 

protected mice from cancer to a much greater extent than 

vaccination or chemotherapy alone. Thus, this work provides 

an important example that linker chemistry is important for 

avoiding antigen suppression by glycomaterial vaccines, a 

noted limitation of conventional carrier protein vaccines. 

Taken together, these examples highlight the potential of 

VLPs as TACA vaccine carriers, and begin to establish key 

design considerations for further improving their efficacy. In 

particular, the reproducible, site-specific conjugation of 

glycoantigens to VLP, in addition to fine control of antigen load 

and density, may address limitations of conventional carrier 

vaccines. It is worth noting, however, that the VLP-TACA 

vaccines described above were administered with the external 

adjuvant, CFA, which is potentially toxic and of limited clinical 

relevance.
132

 For other platforms, such as lipidated 

glycopeptides and regioselectively addressable functionalized 

templates (RAFT), covalent conjugation of palmitic acid (Pam) 

to TACA provided “self-adjuvanting” glycovaccines, which 

eliminated the need for potentially deleterious external 

adjuvants.
133,134,135

 Moving forward, it may be of interest to 

further modify VLP-TACA vaccine surfaces with Pam, or other 

molecular adjuvants, to render them self-adjuvanting. 

3.1.2b Self-assembled nanoparticles with integrated 

adjuvants. Supramolecular assemblies with integrated 

adjuvants are also gaining interest as glycovaccines, since they 

will likely have improved safety profiles and increased clinical 

relevance when compared to vaccines requiring external 

adjuvants. Toward this end, Payne and colleagues created 

glycovaccines with an integrated adjuvant via self-assembling 

tri-component glycopeptides.
136

 In particular, they synthesized 

molecules comprising: 1) a Pam3CysSer adjuvant, 2) a universal 

T helper epitope, PADRE; and 3) a MUC1 peptide antigen 

bearing (a) no glycans, (b) 5 copies of Tn antigen, or (c) 5 

copies of T antigen. Each peptide or glycopeptide molecule 

self-assembled into nanoparticles with diameters of ~17-25 

nm under aqueous conditions. Intradermal delivery of peptide 

or glycopeptide nanoparticles raised IgG antibodies that 

recognized the respective MUC1 peptide or glycopeptide 

antigen presented on the surface of the nanoparticle. The 

raised antibodies also bound MCF-7 breast cancer cells and 

Figure 3: Lipidated glycopeptide that raises TACA immunity reduces 

tumor burden. A) Schematic of a lipidated MUC1 glycopeptide. B) 

Lipidated glycopeptide vaccines reduced mammary tumor burden in 

MUC1.Tg mice. C) IFN-γ producing CD8+ T cells in MUC1.Tg mice. EL = 

empty liposomes, 1 = liposomes containing lipidated MUC1 

glycopeptide in (a). Reproduced with permission from [125]. 
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B16 melanoma cells transfected with the MUC1 gene, 

suggesting their potential as anti-cancer vaccines.  

Alternatively, Li and colleagues recently developed a multi-

layer approach to create a TACA glycovaccine with an 

integrated adjuvanting molecule. In a three-step process: 1) a 

T helper epitope having an oligo(lysine) tail self-assembled into 

positively-charged spheres; 2) spheres were coated with the 

negatively-charged adjuvant, γ-polyglutamic acid; and 3) a 

positively-charged MUC1 glycopeptide antigen was 

electrostatically complexed to the spheres. Intraperitoneal 

injection of spheres raised anti-MUC1 antibodies that were 

predominantly IgM and IgG2a isotypes, with lower titers of 

IgG1 and IgG3 antibodies. The raised antibodies bound MCF-7 

cancer cells and activated complement dependent cytotoxicity 

in vitro. Together, these results suggest that self-assembled 

multilayers of an adjuvant, antigen, and T helper epitope may 

provide the basis for efficacious anti-cancer vaccines. 

3.1.2c Self-adjuvanting peptide nanofibers. Synthetic peptides 

that self-assemble into β-sheet nanofibers can act as vaccines 

that induce robust humoral and cellular immunity to peptide 

and protein antigens without the need for external adjuvants, 

via minimally inflammatory mechanisms that are still largely 

undefined.
137,138,139,140,141,142

 In the context of glycovaccines, Li 

and colleagues demonstrated that self-assembling 

glycopeptide nanofibers can also act as self-adjuvating 

vaccines to generate TACA immunity.
143

 In particular, variants 

of the β-sheet fibrillizing peptide Q11 terminated with MUC1 

glycopeptide antigens self-assembled into nanofibers that 

elicited anti-MUC1 antibodies. Glycosylation site was 

important, with antigens having Tn conjugated to Thr 9 of 

MUC1 raising higher IgG titers than a non-glycosylated antigen 

or antigen glycosylated only at Thr 16. Antibodies raised 

against MUC1 glycosylated at Thr 9/Thr 16 mediated 

complement-dependent cytotoxicity of MCF-7 cancer cells, 

suggesting the potential of self-assembled glycopeptide 

nanofibers as effective anti-cancer vaccines. Notably, IgG2a 

and IgM were the predominant antibody isotypes raised, 

which was not surprising given that the nanofiber vaccine 

lacked a T helper epitope that is likely required for robust class 

switch recombination. Recently, Collier and colleagues 

demonstrated that multicomponent nanofibers consisting of 

co-assembled Q11 variants terminated with a peptide B cell 

antigen or universal T helper epitope can enhance production 

of antibodies against the B cell antigen,
144

 which may also be 

useful for enhancing the immunogenicity of TACA antigens. 

3.1.3 Emerging materials-based glycovaccines. In addition to 

liposomes and supramolecular assemblies, various other 

synthetic materials are receiving attention for TACA vaccines. 

For example, Kunz et al. created a TACA vaccine from an 

otherwise bio-inert, water-soluble poly(N-(2-

hydroxypropyl)methacrylamide (HPMA) polymer modified 

with a MUC1 glycopeptide antigen and T helper epitope.
145

 

Huang et al. demonstrated that water-soluble block co-

polymers modified with TACA can raise robust anti-Tn IgG 

antibodies.
146

 Notably, low, nearly equivalent titers of anti-

polymer IgG antibodies were raised against both the 

glycopolymer and a non-glycosylated control, demonstrating 

that the carrier fulfills the important requirement of being 

minimally immunogenic.
146

 

Entanglement of linear polymer-glycoantigen conjugates 

may render some antigen molecules inaccessible for 

recognition by B cells, thereby diminishing the adaptive 

immune response. To address this physical limitation, Kunz et 

al. recently developed a hyperbranched polymer vaccine for 

multivalent glycopeptide antigen display.
147

 They proposed 

that the dendrimer-like architecture of the hyperbranched 

polymer would provide multivalent antigen display on the 

“surface” of a globular vehicle, while the water-soluble nature 

of the dendrimer arms would afford antigen flexibility. 

Together, these features are expected to enhance antigen 

availability for recognition by the immune system. Mice 

immunized with hyperbranched polymers bearing T helper 

epitope-MUC1 glycopeptides in CFA produced high titers of 

anti-MUC1 IgG antibodies that bound to MUC1-expressing 

cancer cells in vitro, providing initial proof-of-concept for 

hyperbranched polymers as carriers for TACA vaccines.   

Inorganic nanoparticles based on gold or metal oxides are 

of increasing general interest as materials for biomedical 

applications because they are easily prepared with a broad 

range of sizes, are nontoxic and biocompatible, and provide 

significant multivalency due to their high surface-to-volume 

ratio.
148

 In the context of glycovaccines, Barchi and colleagues 

demonstrated that gold nanoparticles decorated with various 

thiol-terminated MUC4-derived peptides bearing Thomsen-

Friedenreich (TF) glycoantigens and a thiol-terminated 

adjuvant peptide derived from complement Cb3 produced 

antigen-specific IgM and IgG antibodies.
149

 Similar to MUC1-

Q11 nanofibers discussed above,
143

 the magnitude and quality 

of the immune response to these glyconanoparticles was 

dependent on the site of TF glycoantigen conjugation to the 

MUC4 peptide, with a variant having a single copy of TF 

antigen conjugated to a threonine at the 10
th

 position eliciting 

the most robust antibody isotype switching from IgM to IgG. In 

an alternative approach, Cameron and colleagues 

demonstrated that a thiolated polymer of Tn antigen adsorbed 

onto gold nanoparticles produced higher titers of anti-Tn IgG 

antibodies that were more reactive towards mucin proteins 

displaying Tn than antibodies raised by soluble polymer.
150

 

More recently, Sungsuwan et al. demonstrated that iron oxide 

nanoparticles modified with MUC1 lipo(glyco)peptides raised 

MUC1-specific antibodies that recognized cancer cells, and 

induced complement-mediated cancer cell cytotoxicity.
151

  

Taken together, the above examples highlight the 

enormous potential of synthetic glycomaterials for addressing 

the limitations of conventional protein conjugate glycovaccines 

as cancer immunotherapies. In particular, vaccines based on 

synthetic materials can often be designed to incorporate the 

minimum number of domains needed to induce robust, long-

lasting immunity against otherwise poorly immunogenic 

antigens. In addition, the chemical nature of the antigens, as 

well as their physical display within the scaffold, can often be 

independently tailored to optimize the resulting immune 
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response. Moving forward, the compositional flexibility 

provided by synthetic glycomaterial vaccines is likely to enable 

increasing efficacy through systematic redesign.  

3.2 Glycomaterials as diagnostics of anti-carbohydrate 

immunity 

Through the normal course of immune surveillance, the host 

immune system can raise antibodies that are reactive towards 

disease-related glycoantigens, and detection of these 

antibodies can be useful for diagnosis of disease onset and 

progression. For example, Globo-H is a TACA that is over-

expressed in breast cancer.
152

 Many breast cancer patients 

raise anti-Globo-H autoantibodies, which are therefore gaining 

interest as disease-specific biomarkers. Wang et al. developed 

a microarray displaying different densities of Globo-H antigens 

and other truncated analogs that can detect differences in 

anti-Globo-H levels in sera of healthy patients and those with 

breast cancer.
153

 Notably, this platform was able to detect 

antibodies at the attomole level, making it 5x more sensitive 

than conventional enzyme-linked immunosorbent assay 

(ELISA). More recently, Yu and colleagues demonstrated that 

glycan microarrays can be used to detect changes in patient 

serum glycan antibodies as an early biomarker for 

hepatocellular carcinoma.
154

 In addition to cancer 

glycoantigens, patients with autoimmune diseases, such as 

Crohn’s disease,
155

 rheumatoid arthritis,
156

 and multiple 

sclerosis
157

 often develop anti-glycan antibodies that can serve 

as unique disease-specific biomarkers that are detectable with 

glycan microarrays.  

3.3 Glycomaterials for glycoantigen design 

The humoral immune systems of some HIV-infected 

individuals can naturally raise antibodies that broadly 

neutralize diverse HIV strains.
158

 Often, these ‘broadly 

neutralizing antibodies’ (bnAb) recognize glycoantigens of the 

gp120 coat protein that are highly conserved,
159

 which has led 

to increasing interest in glycovaccines for HIV infection 

prophylaxis.
160

 Toward this end, there are significant ongoing 

efforts to identify HIV glycan architectures that are recognized 

by bnAbs to inform the design of glycoantigens, and 

glycomaterials are gaining attention in this regard. For 

example, Davis and colleagues demonstrated that VLP bearing 

D-fructose monosaccharides bound bnAb 2G12, which binds 

the D1 arm of terminal mannosides, with higher affinity than 

mannosylated VLPs.
161

 In addition, fructosylated-VLPs elicited 

higher titers of anti-D1 arm antibodies than mannosylated-

VLPs, however the raised antibodies failed to neutralize HIV.
161

 

More recently, Krauss and colleagues used Selection with 

Modified Aptamers, or “SELMA”, for the directed evolution of 

DNA-based oligomannose glycoclusters with low nanomolar to 

picomolar affinity for 2G12.
162,163,164 

Alternatively, Penadés and 

colleagues recently demonstrated that gold nanoparticles 

decorated with the tetramannoside D1 arm and 

pentamannose D2/D3 arms of HIV gp120 Man9GlcNAc2 

antennas had nearly 4-fold higher affinity for 2G12 HIV bnAb 

when compared to nanoparticles bearing the tetramannoside 

alone, which approaches the affinity of 2G12 for Man9 

oligosaccharides.
165

 Thus, glycomaterials with modular and 

tunable carbohydrate composition may eventually prove 

useful for identifying glycoantigens for raising bnAb, or provide 

effective prophylactic HIV vaccines.  

4. Glycomaterials for non-adaptive infection 

prophylaxis 

In addition to their role as antigens that can be recognized by 

the host immune system, carbohydrates often mediate early 

events in pathogen infection via their interactions with 

carbohydrate-binding proteins. For example, type 1 fimbriae 

extending from the surface of E. coli are terminated by lectins 

that mediate bacterial adhesion to host glycans.
166

 Bacterial 

AB5 toxins, including cholera toxin, E. coli heat-labile toxin, and 

Shiga-like toxin, are composed of a toxic A subunit that is 

associated with a carbohydrate-binding B-pentamer, the latter 

being necessary for toxin entry into host cells.
167

 As a result, 

glyco-based therapeutics capable of disrupting these protein-

carbohydrate interactions are gaining increased interest as 

alternatives to glycovaccines for pathogenic infection 

prophylaxis. Multivalent glycomaterials that can inhibit 

bacterial adhesion, biofilm formation, and the action of 

bacterial toxins have been the topic of many excellent recent 

reviews,
168,169,170,171

 and will therefore not be discussed in 

detail here. Instead, this section will highlight recent advances 

in glycomaterials designed to inhibit viral pathogen entry into 

host immune cells by interfering with interactions between 

host lectins and pathogen glycans. 

4.1 Viral entry via host lectins 

In many instances, binding of host lectins to non-self 

carbohydrates acts as a "danger signal" that informs the 

immune system of the presence of a foreign entity. For 

example, opsonization of mannosylated pathogens by host 

mannose-binding lectin can activate the lectin pathway of the 

complement cascade to eradicate bacterial and fungal 

pathogens.
172

 In addition, the preceding section presented 

vaccines that can educate the immune system to recognize 

foreign carbohydrate epitopes by raising carbohydrate-binding 

antibodies. However, certain viral pathogens have evolved 

enhanced infectivity through interactions with host lectins. 

One such example is the infection of immature DCs residing at 

mucosal sites by HIV, Ebola, or Dengue through DC-SIGN 

receptor binding to high mannose glycans on viral envelope 

glycoproteins.
173

 Once infected, these DCs can then traffic to 

lymph nodes, where they efficiently transfer virions to T 

lymphocytes to facilitate viral replication.
174

 In addition, the 

bivalent host lectin, galectin-1, can increase HIV infectivity by 

crosslinking viral and host glycoproteins.
32

,
175

 Thus, interfering 

with viral glycoprotein binding to host lectins is a promising 

target for viral infection prophylaxis and anti-viral 

therapeutics.  

Drugs that can interfere with protein-carbohydrate 

interactions have been pursued for nearly 40 years, however 

their therapeutic efficacy was long hindered by the low binding 
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affinity of small molecules and monovalent carbohydrates for 

highly-hydrated lectin CRDs.
176

 Cecioni et al. recently compiled 

a survey comparing mono- and multivalent lectin inhibitors, 

which highlights the importance of the glycocluster effect in 

lectin inhibitor design.
28

 The following sections will highlight 

recent advances in synthetic multivalent glycomaterials to 

inhibit viral entry via the host lectin, DC-SIGN. 

4.2 Inhibitors of Ebola entry 

Toward the design of effective multivalent Ebola infection 

inhibitors, Rojo, Delgado, and colleagues demonstrated in the 

early 2000s that hyperbranched Boltorn™ dendritic polymers 

bearing 32 terminal mannose residues inhibited Ebola viral 

envelope cis infection of Jurkat T cells, as well as trans 

infection via DC-SIGN expressing cells, with a micromolar 

IC50.
177

 Replacing mannose ligands with ‘pseudomannoside’ 

glycomimetics significantly improved the efficacy of 

glycodendrimers as Ebola entry inhibitors, decreasing the IC50 

to the nanomolar range.
178

 Conjugating glycodendrimers to 

VLP provided glyconanoparticles with up to 1620 pendant 

mannose ligands (Figure 4a), which inhibited Ebola entry via 

DC-SIGN into T cells (Figure 4b) and DCs (Figure 4c) with an 

IC50 in the picomolar range, highlighting the importance of 

multivalency for inhibitor efficacy.
179

 More recently, 

mannosylated fullerenes were explored as an alternative to 

VLP-based nanoparticles for inhibition of Ebola entry via DC-

SIGN.
180

 Interestingly, glycofullerenes with 36 mannose 

residues attached via a short linker-arm were less effective 

inhibitors than those with 12 mannose residues attached via 

the same linker-arm. However, glycofullerenes with 36 

mannose residues attached via a longer linker-arm were more 

effective than either short linker-arm formulation. Together, 

these observations suggest that ligand availability and 

flexibility, in addition to valency, are important factors that 

should be considered in the design of glycomaterials as viral 

entry inhibitors.  

4.3 Inhibitors of HIV entry  

Multivalent glycomaterials are also receiving attention as 

inhibitors of HIV infection via DC-SIGN. In an early example, 

Penadés and colleagues created gold nanoparticles (AuNP) 

modified with thiolated mannose oligosaccharides, which 

inhibited binding of the HIV coat protein gp120 to DC-SIGN 

with a nanomolar IC50.
181

 Subsequently, they demonstrated 

that AuNP modified with a thiolated linear mannose 

tetrasaccharide, or branched mannose penta- and 

heptasaccharides, inhibited HIV trans infection of human T 

cells by preventing viral entry into human activated peripheral 

blood mononuclear cells via DC-SIGN.
182

 Around this same 

time, Rojo, Bernardi, and colleagues demonstrated that 

tetravalent Boltorn™ dendrons terminated with 

pseudomannoside glycomimetics effectively inhibited HIV 

trans infection of CD4+ T cells via DC-SIGN expressing THP-1 

cells in vitro.
183

 Importantly, these pseudomannoside 

dendrimers also prevented HIV infection of explanted human 

cervical tissues under conditions that mimic compromised 

epithelial integrity, suggesting their potential for clinical 

use.
184

 Using a library of glycodendrimers with different  

valencies and terminal glycans or glycomimetics, Varga et al. 

identified a hexavalent bis-benzamide pseudo-disaccharide 

dendrimer capable of inhibiting HIV trans infection of T cells, 

as well as DC-SIGN mediated uptake of Dengue virus, with a 

micromolar IC50.
185

 More recently, Ordanini et al. 

demonstrated that trimers of the same bis-benzamide pseudo-

disaccharide linked by a rod-like, phenylene-ethylene “rigid 

spacer” provided even more potent inhibitors of HIV trans 

infection, having a nanomolar IC50, likely due to chelation and 

statistical rebinding.
186

 Importantly, the bis-benzamide 

pseudo-disaccharide integrated into these inhibitors is highly 

selective for binding to DC-SIGN versus Langerin,
187

 a CLR 

expressed by Langerhans DCs that inhibits HIV infection by 

internalizing, sequestering, and degrading the virus.
188

 Thus, 

glycodendrimers that selectively inhibit the activity of DC-SIGN 

may work in concert with natural Langerin-mediated 

mechanisms of HIV infection inhibition, rather than against 

them.  

In an alternative design, Wagner and colleagues created 

glycolipids with a monomeric mannose headgroup that 

inhibited HIV trans infection with micromolar IC50s.
189

 

Replacing the monomeric mannose headgroup with a trimeric 

mannose ligand further improved the efficacy of glycolipids as 

inhibitors of HIV trans infection.
190

 Interestingly, trimannoside 

glycolipids self-assembled into micelles were more potent HIV 

entry inhibitors than single molecules or covalently-crosslinked 

glycolipid polymers, suggesting an important correlation 

between micelle dynamics and inhibitor binding to DC-SIGN.
190

   

Taken together, these examples demonstrate that 

multivalent glycomaterials can inhibit viral cis infection and 

trans infection via DC-SIGN. Notably, although expected 

correlations between ligand valency and binding affinity are 

often apparent, it is becoming increasingly more evident that 

glycan spatial orientation and availability are also important 

features of viral entry inhibitor design.  

Figure 4: Virus-like glycodendronanoparticles inhibit Ebola infection 

via DC-SIGN. A) Schematic of mannosylated virus-like 

glycodendronanoparticles. B) Infection rates of T cells expressing DC-

SIGN by EboGP pseudovirus in the presence of VLP and mannosylated 

virus-like glycodendronanoparticles. C) Inhibition of human DC cis 

infection by EboG via mannosylated virus-like 

glycodendronanoparticles. Reproduced with permission from [179]. 
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Summary 

Carbohydrates are integral to innate and adaptive immune 

system function, and are receiving increasing interest as 

targets and bioactive components of therapeutics that can 

leverage the immune system to treat current pathologies and 

prevent onset of future disease. There is enormous diversity in 

carbohydrates found throughout nature, and their 

immunological activity is often related to their specific, non-

covalent binding to a particular protein (e.g. lectins, 

antibodies, and BCRs). Elucidating details of the ‘sugar code’ 

relating carbohydrate-protein binding specificity has greatly 

accelerated efforts to create therapeutics that can activate, 

attenuate, or inhibit immunological processes by promoting, 

mimicking, or disrupting specific protein-carbohydrate binding 

events. Equally important, however, is recognizing that 

multivalent display of immobilized glycans throughout nature 

(e.g. on the cell membrane or extracellular matrix) can greatly 

enhance the otherwise weak affinity of monovalent protein-

carbohydrate interactions, while also establishing steric 

constraints that dictate protein-carbohydrate binding 

specificity. Synthetic materials with dense, highly repetitive 

molecular architectures, such as lipids, polymers, 

supramolecular assemblies, and nanoparticles, are ideally 

suited to recapitulate the avidity effects of multivalent 

“glycoclusters” prevalent in nature. As a result, synthetic 

multivalent glycomaterials can provide therapeutics that more 

effectively modulate the behavior of innate and adaptive 

immune cells via lectin binding, enhance the efficacy of 

vaccines that confer adaptive recognition and memory of non-

self or ‘altered self’ carbohydrate antigens, and potently 

inhibit viral entry into host immune cells. Nonetheless, many 

challenges remain. In particular, it is becoming increasingly 

more apparent that glycan spatial organization and steric 

availability may be as important as carbohydrate chemistry 

and valency for optimizing protein binding affinity and 

specificity. In addition, the role of many carbohydrates and 

their cognate proteins in particular disease states remain 

largely unknown. Multivalent glycomaterials are uniquely 

positioned to elucidate physicochemical aspects of 

glycoclusters that confer maximal protein-carbohydrate 

binding affinity and specificity, while also providing robust 

tools for high-throughput interrogation of ill-defined protein-

carbohydrate binding events. As a result, glycomaterials hold 

enormous promise for developing new immunotherapies for 

pressing diseases, such as cancer and autoimmunity, as well as 

prophylactics for HIV and other emerging pathogens. 

Acknowledgements 

Supported by NSF Career (DMR-1455201) to G.A.H and funds 

from the University of Florida.  

 

 

 

Abbreviations 

APCs Antigen-presenting cells 

BCR B cell receptor 

CLR C-type lectin receptor 

CRD Carbohydrate recognition domain 

CTL Cytotoxic T Lymphocyte 

CX Complex-type 

DC Dendritic cell 

DCIR Dendritic cell immunoreceptor 

DC-SIGN 
Dendritic Cell-Specific Intercellular adhesion 

molecule-3-Grabbing Non-integrin 

GlcNAc N-Acetylglucosamine 

GNP Glyconanoparticle 

Ig Immunoglobulin 

LacNAc N-Acetyllactosamine 

MHC I and II Major histocompatibility complex I and II 

MPLA Monophosphoryl lipid A 

MR Mannose receptor 

MUC1 Mucin-like glycoprotein 

PAMPs Pathogen associated molecular patterns 

PRR Pathogen recognition receptor 

Siglecs Sialic acid-binding immunoglobulin-type lectins 

SLeX Sialyl Lewis X 

TACA Tumor-associated carbohydrate antigen 

TLR Toll-like receptor 

VLP Virus-like particle 

References 

1 D. S. Hon, Cellulose, 1994, 1, 1-25. 

2 R. Apweiler, H. Hermjakob and N. Sharon, Biochim Biophys 

Acta, 1999, 1473, 4-8. 
3 B. K. Brandley and R. L. Schnaar, Journal of Leukocyte 

Biology, 1986, 40, 97-111. 
4 A. G. Blidner and G. A. Rabinovich, American Journal of 

Reproductive Immunology, 2013, 69, 369-382. 

5 J. Jaeken and G. Matthijs, Annu Rev Genomics Hum Genet, 
2007, 8, 261-278. 

6 L. A. Lasky, Annu Rev Biochem, 1995, 64, 113-139. 

7 P. Argüeso, Japanese journal of ophthalmology, 2013, 57, 
150-155. 

8 P. Mrass and W. Weninger, Immunological Reviews, 2006, 

213, 195-212. 
9 A. Cambi, M. Koopman and C. G. Figdor, Cell Microbiol, 2005, 

7, 481-488. 

10 Z. Cao, N. Said, S. Amin, H. K. Wu, A. Bruce, M. Garate, D. K. 
Hsu, I. Kuwabara, F.-T. Liu and N. Panjwani, Journal of 

Biological Chemistry, 2002, 277, 42299-42305. 

11 E. Gorelik, U. Galili and A. Raz, Cancer and Metastasis 

Reviews, 2001, 20, 245-277. 
12 S. Reitsma, D. Slaaf, H. Vink, M. M. J. van Zandvoort and M. 

A. oude Egbrink, Pflügers Archiv - European Journal of 

Physiology, 2007, 454, 345-359. 
13 S.-H. Kim, J. Turnbull and S. Guimond, Journal of 

Endocrinology, 2011, 209, 139-151. 

Page 13 of 17 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

14 F. T. Bosman and I. Stamenkovic, The Journal of Pathology, 

2003, 200, 423-428. 
15 J. W. Costerton, R. T. Irvin and K. J. Cheng, Annu Rev 

Microbiol, 1981, 35, 299-324. 

16 L. Hall-Stoodley, J. W. Costerton and P. Stoodley, Nat Rev 

Micro, 2004, 2, 95-108. 
17 R. Holland Cheng, R. J. Kuhn, N. H. Olson, Rossmann, M. G. 

Hok-Kin Choi, T. J. Smith and T. S. Baker, Cell, 1995, 80, 621-
630. 

18 J. J. Lundquist and E. J. Toone, Chem Rev, 2002, 102, 555-

578. 
19 R. J. Pieters, Org Biomol Chem, 2009, 7, 2013-2025. 
20 C. H. Liang, S. K. Wang, C. W. Lin, C. C. Wang, C. H. Wong and 

C. Y. Wu, Angew Chem Int Ed Engl, 2011, 50, 1608-1612. 
21 K. Godula and C. R. Bertozzi, J Am Chem Soc, 2012, 134, 

15732-15742. 

22 R. P. McEver, Glycoconj J, 1997, 14, 585-591. 
23 N. L. Perillo, C. H. Uittenbogaart, J. T. Nguyen and L. G. Baum, 

J Exp Med, 1997, 185, 1851-1858. 

24 G. A. Rabinovich, L. G. Baum, N. Tinari, R. Paganelli, C. Natoli, 
F.-T. Liu and S. Iacobelli, Trends in Immunology, 2002, 23, 
313-320. 

25 J. C. Paulson, M. S. Macauley and N. Kawasaki, Ann N Y Acad 

Sci, 2012, 1253, 37-48. 
26 U. Gazi and L. Martinez-Pomares, Immunobiology, 2009, 214, 

554-561. 
27 R. P. McEver, K. L. Moore and R. D. Cummings, Journal of 

Biological Chemistry, 1995, 270, 11025-11028. 

28 S. Cecioni, A. Imberty and S. Vidal, Chem Rev, 2015, 115, 525-
561. 

29 M. V. Tribulatti, M. G. Figini, J. Carabelli, V. Cattaneo and O. 

Campetella, J Immunol, 2012, 188, 2991-2999. 
30 L. Nitschke and T. Tsubata, Trends Immunol, 2004, 25, 543-

550. 

31 G. Nicoll, T. Avril, K. Lock, K. Furukawa, N. Bovin and P. R. 
Crocker, Eur J Immunol, 2003, 33, 1642-1648. 

32 C. St-Pierre, H. Manya, M. Ouellet, G. F. Clark, T. Endo, M. J. 

Tremblay and S. Sato, J Virol, 2011, 85, 11742-11751. 
33 P. V. Murphy, S. Andre and H. J. Gabius, Molecules, 2013, 18, 

4026-4053. 

34 G. A. Rabinovich and J. M. Ilarregui, Immunological Reviews, 
2009, 230, 144-159. 

35 H. D. Kopcow, F. Rosetti, Y. Leung, D. S. J. Allan, J. L. Kutok 

and J. L. Strominger, Proceedings of the National Academy of 

Sciences, 2008, 105, 18472-18477. 
36 L. Ingrassia, I. Camby, F. Lefranc, V. Mathieu, P. 

Nshimyumukiza, F. Darro and R. Kiss, Curr Med Chem, 2006, 
13, 3513-3527. 

37 C. T. Oberg, H. Leffler and U. J. Nilsson, Chimia (Aarau), 2011, 

65, 18-23. 
38 M. C. Miller, A. Klyosov and K. H. Mayo, Glycobiology, 2009, 

19, 1034-1045. 

39 H. Inohara and A. Raz, Glycoconj J, 1994, 11, 527-532. 
40 A. Harada and M. Kamachi, Macromolecules, 1990, 23, 2821-

2823. 

41 A. Nelson, J. M. Belitsky, S. Vidal, C. S. Joiner, L. G. Baum and 
J. F. Stoddart, J Am Chem Soc, 2004, 126, 11914-11922. 

42 J. M. Belitsky, A. Nelson, J. D. Hernandez, L. G. Baum and J. F. 

Stoddart, Chem Biol, 2007, 14, 1140-1151. 
43 A. Restuccia, Y. Tian, J. Collier and G. Hudalla, Cellular and 

Molecular Bioengineering, 2015, 1-17. 

44 J. H. Collier and P. B. Messersmith, Bioconjug Chem, 2003, 
14, 748-755. 

45 F. D. Batista and N. E. Harwood, Nat Rev Immunol, 2009, 9, 

15-27. 
46 K. Rajewsky, Nature, 1996, 381, 751-758. 
47 J. Muller and L. Nitschke, Nat Rev Rheumatol, 2014, 10, 422-

428. 

48 O. Blixt, B. E. Collins, I. M. van den Nieuwenhof, P. R. Crocker 

and J. C. Paulson, Journal of Biological Chemistry, 2003, 278, 
31007-31019. 

49 N. Razi and A. Varki, Proc Natl Acad Sci U S A, 1998, 95, 7469-

7474. 
50 W. C. Chen, G. C. Completo, D. S. Sigal, P. R. Crocker, A. 

Saven and J. C. Paulson, Blood, 2010, 115, 4778-4786. 

51 B. E. Collins, O. Blixt, S. Han, B. Duong, H. Li, J. K. Nathan, N. 
Bovin and J. C. Paulson, J Immunol, 2006, 177, 2994-3003. 

52 J. K. Rhee, M. Baksh, C. Nycholat, J. C. Paulson, H. Kitagishi 

and M. G. Finn, Biomacromolecules, 2012, 13, 2333-2338. 
53 A. H. Courtney, E. B. Puffer, J. K. Pontrello, Z. Q. Yang and L. 

L. Kiessling, Proc Natl Acad Sci U S A, 2009, 106, 2500-2505. 

54 B. H. Duong, H. Tian, T. Ota, G. Completo, S. Han, J. L. Vela, 
M. Ota, M. Kubitz, N. Bovin, J. C. Paulson and D. Nemazee, J 

Exp Med, 2010, 207, 173-187. 

55 M. S. Macauley, F. Pfrengle, C. Rademacher, C. M. Nycholat, 
A. J. Gale, A. von Drygalski and J. C. Paulson, J Clin Invest, 
2013, 123, 3074-3083. 

56 F. Pfrengle, M. S. Macauley, N. Kawasaki and J. C. Paulson, J 
Immunol, 2013, 191, 1724-1731. 

57 K. Shortman, M. H. Lahoud and I. Caminschi, Exp Mol Med, 

2009, 41, 61-66. 
58 B. Lepenies, J. Lee and S. Sonkaria, Advanced Drug Delivery 

Reviews, 2013, 65, 1271-1281. 

59 C. G. Figdor, Y. van Kooyk and G. J. Adema, Nat Rev Immunol, 
2002, 2, 77-84. 

60 P. J. Tacken, I. J. M. de Vries, R. Torensma and C. G. Figdor, 

Nat Rev Immunol, 2007, 7, 790-802. 
61 Y. van Kooyk, W. W. J. Unger, C. M. Fehres, H. Kalay and J. J. 

García-Vallejo, Molecular Immunology, 2013, 55, 143-145. 

62 J. J. Garcia-Vallejo, W. W. Unger, H. Kalay and Y. van Kooyk, 
Oncoimmunology, 2013, 2, e23040. 

63 C. A. Aarnoudse, M. Bax, M. Sanchez-Hernandez, J. J. Garcia-

Vallejo and Y. van Kooyk, Int J Cancer, 2008, 122, 839-846. 
64 W. W. Unger, A. J. van Beelen, S. C. Bruijns, M. Joshi, C. M. 

Fehres, L. van Bloois, M. I. Verstege, M. Ambrosini, H. Kalay, 

K. Nazmi, J. G. Bolscher, E. Hooijberg, T. D. de Gruijl, G. Storm 
and Y. van Kooyk, J Control Release, 2012, 160, 88-95. 

65 C. M. Fehres, A. J. van Beelen, S. C. Bruijns, M. Ambrosini, H. 

Kalay, L. Bloois, W. W. Unger, J. J. Garcia-Vallejo, G. Storm, T. 
D. de Gruijl and Y. Kooyk, J Invest Dermatol, 2015, 135, 2228-
2236. 

66 M. A. Boks, M. Ambrosini, S. C. Bruijns, H. Kalay, L. van 
Bloois, G. Storm, J. J. Garcia-Vallejo and Y. van Kooyk, Journal 

of Controlled Release, 2015, 216, 37-46. 

67 M. D. Joshi, W. W. Unger, A. J. van Beelen, S. C. Bruijns, M. 
Litjens, L. van Bloois, H. Kalay, Y. van Kooyk and G. Storm, Int 

J Pharm, 2011, 416, 426-432. 

68 A. Cambi, D. S. Lidke, D. J. Arndt-Jovin, C. G. Figdor and T. M. 
Jovin, Nano Lett, 2007, 7, 970-977. 

69 P. D. Stahl, Current Opinion in Immunology, 1992, 4, 49-52. 

70 A. J. Engering, M. Cella, D. Fluitsma, M. Brockhaus, E. C. M. 
Hoefsmit, A. Lanzavecchia and J. Pieters, European Journal of 

Immunology, 1997, 27, 2417-2425. 

71 M. C. A. A. Tan, A. M. Mommaas, J. W. Drijfhout, R. Jordens, 
J. J. M. Onderwater, D. Verwoerd, A. A. Mulder, A. N. van der 
Heiden, D. Scheidegger, L. C. J. M. Oomen, T. H. M. 

Ottenhoff, A. Tulp, J. J. Neefjes and F. Koning, European 

Journal of Immunology, 1997, 27, 2426-2435. 
72 D. S. Katti, S. Lakshmi, R. Langer and C. T. Laurencin, Adv 

Drug Deliv Rev, 2002, 54, 933-961. 
73 S. K. Mallapragada and B. Narasimhan, International Journal 

of Pharmaceutics, 2008, 364, 265-271. 

74 B. Carrillo-Conde, E. H. Song, A. Chavez-Santoscoy, Y. Phanse, 
A. E. Ramer-Tait, N. L. Pohl, M. J. Wannemuehler, B. H. 
Bellaire and B. Narasimhan, Mol Pharm, 2011, 8, 1877-1886. 

Page 14 of 17Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15  

Please do not adjust margins 

Please do not adjust margins 

75 Y. Phanse, B. R. Carrillo-Conde, A. E. Ramer-Tait, R. 

Roychoudhury, N. L. B. Pohl, B. Narasimhan, M. J. 
Wannemuehler and B. H. Bellaire, Acta Biomaterialia, 2013, 
9, 8902-8909. 

76 A. V. Chavez-Santoscoy, R. Roychoudhury, N. L. B. Pohl, M. J. 
Wannemuehler, B. Narasimhan and A. E. Ramer-Tait, 
Biomaterials, 2012, 33, 4762-4772. 

77 R. Da Costa Martins, C. Gamazo, M. Sánchez-Martínez, M. 
Barberán, I. Peñuelas and J. M. Irache, Journal of Controlled 

Release, 2012, 162, 553-560. 

78 J. E. Vela Ramirez, R. Roychoudhury, H. H. Habte, M. W. Cho, 
N. L. B. Pohl and B. Narasimhan, Journal of Biomaterials 

Science, Polymer Edition, 2014, 25, 1387-1406. 

79 K. C. Sheng, M. Kalkanidis, D. S. Pouniotis, S. Esparon, C. K. 
Tang, V. Apostolopoulos and G. A. Pietersz, Eur J Immunol, 
2008, 38, 424-436. 

80 F. Al-Barwani, S. L. Young, M. A. Baird, D. S. Larsen and V. K. 
Ward, PLoS One, 2014, 9, e104523. 

81 H. Harde, A. K. Agrawal and S. Jain, Nanomedicine (Lond), 

2014, 9, 2511-2529. 
82 J. C. Hoving, G. J. Wilson and G. D. Brown, Cellular 

Microbiology, 2014, 16, 185-194. 

83 M. Maglinao, M. Eriksson, M. K. Schlegel, S. Zimmermann, T. 
Johannssen, S. Gotze, P. H. Seeberger and B. Lepenies, J 
Control Release, 2014, 175, 36-42. 

84 O. Blixt, S. Head, T. Mondala, C. Scanlan, M. E. Huflejt, R. 
Alvarez, M. C. Bryan, F. Fazio, D. Calarese, J. Stevens, N. Razi, 
D. J. Stevens, J. J. Skehel, I. van Die, D. R. Burton, I. A. Wilson, 

R. Cummings, N. Bovin, C. H. Wong and J. C. Paulson, Proc 
Natl Acad Sci U S A, 2004, 101, 17033-17038. 

85 B. S. Bochner, R. A. Alvarez, P. Mehta, N. V. Bovin, O. Blixt, J. 

R. White and R. L. Schnaar, Journal of Biological Chemistry, 
2005, 280, 4307-4312. 

86 S. R. Stowell, C. M. Arthur, P. Mehta, K. A. Slanina, O. Blixt, H. 

Leffler, D. F. Smith and R. D. Cummings, J Biol Chem, 2008, 
283, 10109-10123. 

87 K. Ley and G. S. Kansas, Nat Rev Immunol, 2004, 4, 325-335. 

88 K. Ley, Trends Mol Med, 2003, 9, 263-268. 
89 S. M. Rele, W. Cui, L. Wang, S. Hou, G. Barr-Zarse, D. Tatton, 

Y. Gnanou, J. D. Esko and E. L. Chaikof, J Am Chem Soc, 2005, 

127, 10132-10133. 
90 I. Papp, J. Dernedde, S. Enders and R. Haag, Chem Commun 

(Camb), 2008, 5851-5853. 

91 J. Dernedde, A. Rausch, M. Weinhart, S. Enders, R. Tauber, K. 
Licha, M. Schirner, U. Zugel, A. von Bonin and R. Haag, Proc 
Natl Acad Sci U S A, 2010, 107, 19679-19684. 

92 M. Roskamp, S. Enders, F. Pfrengle, S. Yekta, V. Dekaris, J. 
Dernedde, H. U. Reissig and S. Schlecht, Org Biomol Chem, 
2011, 9, 7448-7456. 

93 J. Han and X. Li, Carbohydrate Polymers, 2011, 83, 137-143. 
94 S. I. van Kasteren, S. J. Campbell, S. Serres, D. C. Anthony, N. 

R. Sibson and B. G. Davis, Proceedings of the National 

Academy of Sciences, 2009, 106, 18-23. 
95 T. Wyss-Coray and L. Mucke, Neuron, 2002, 35, 419-432. 
96 B. Arvin, L. F. Neville, F. C. Barone and G. Z. Feuerstein, 

Neuroscience & Biobehavioral Reviews, 1996, 20, 445-452. 
97 B. Rossi, S. Angiari, E. Zenaro, S. L. Budui and G. Constantin, 

Journal of Leukocyte Biology, 2011, 89, 539-556. 

98 L. E. Comstock and D. L. Kasper, Cell, 2006, 126, 847-850. 
99 K. Ohtsubo and J. D. Marth, Cell, 2006, 126, 855-867. 
100 B. Beutler, Curr Opin Microbiol, 2000, 3, 23-28. 

101 J. Epstein, Q. Eichbaum, S. Sheriff and R. A. Ezekowitz, 
Curr Opin Immunol, 1996, 8, 29-35. 

102 G. Ada and D. Isaacs, Clinical Microbiology and Infection, 

2003, 9, 79-85. 
103 R. Adamo, A. Nilo, B. Castagner, O. Boutureira, F. Berti 

and G. J. Bernardes, Chem Sci, 2013, 4, 2995-3008. 

104 D. C. Parker, Annu Rev Immunol, 1993, 11, 331-360. 

105 J. Stavnezer, Current Opinion in Immunology, 1996, 8, 

199-205. 
106 J. J. Mond, A. Lees and C. M. Snapper, Annual Review of 

Immunology, 1995, 13, 655-692. 

107 O. T. Avery and W. F. Goebel, J Exp Med, 1931, 54, 437-
447. 

108 R. D. Astronomo and D. R. Burton, Nat Rev Drug Discov, 

2010, 9, 308-324. 
109 P. J. Sabbatini, V. Kudryashov, G. Ragupathi, S. J. 

Danishefsky, P. O. Livingston, W. Bornmann, M. Spassova, A. 

Zatorski, D. Spriggs, C. Aghajanian, S. Soignet, M. Peyton, C. 
O'Flaherty, J. Curtin and K. O. Lloyd, Int J Cancer, 2000, 87, 
79-85. 

110 C. C. Peeters, A. M. Tenbergen-Meekes, J. T. Poolman, M. 
Beurret, B. J. Zegers and G. T. Rijkers, Infect Immun, 1991, 
59, 3504-3510. 

111 L. Morelli, L. Poletti and L. Lay, European Journal of 
Organic Chemistry, 2011, 2011, 5723-5777. 

112 M. C. Galan, P. Dumy and O. Renaudet, Chemical Society 

Reviews, 2013, 42, 4599-4612. 
113 K. L. Carraway, 3rd, M. Funes, H. C. Workman and C. 

Sweeney, Curr Top Dev Biol, 2007, 78, 1-22. 

114 H. Nassar, V. Pansare, H. Zhang, M. Che, W. Sakr, R. Ali-
Fehmi, D. Grignon, F. Sarkar, J. Cheng and V. Adsay, Mod 
Pathol, 2004, 17, 1045-1050. 

115 V. Padler-Karavani, Cancer Letters, 2014, 352, 102-112. 
116 C. Musselli, P. Livingston and G. Ragupathi, Journal of 

Cancer Research and Clinical Oncology, 2001, 127, R20-R26. 

117 T. Buskas, Y. Li and G. J. Boons, Chemistry, 2004, 10, 
3517-3524. 

118 G. F. A. Kersten and D. J. A. Crommelin, Biochimica et 

Biophysica Acta (BBA) - Reviews on Biomembranes, 1995, 
1241, 117-138. 

119 R. A. Schwendener, Ther Adv Vaccines, 2014, 2, 159-182. 

120 T. Buskas, S. Ingale and G. J. Boons, Angew Chem Int Ed 
Engl, 2005, 44, 5985-5988. 

121 T. Toyokuni, B. Dean, S. Cai, D. Boivin, S. Hakomori and A. 

K. Singhal, Journal of the American Chemical Society, 1994, 
116, 395-396. 

122 S. F. Slovin, G. Ragupathi, C. Musselli, K. Olkiewicz, D. 

Verbel, S. D. Kuduk, J. B. Schwarz, D. Sames, S. Danishefsky, 
P. O. Livingston and H. I. Scher, J Clin Oncol, 2003, 21, 4292-
4298. 

123 S. Ingale, M. A. Wolfert, J. Gaekwad, T. Buskas and G. J. 
Boons, Nat Chem Biol, 2007, 3, 663-667. 

124 S. Ingale, M. A. Wolfert, T. Buskas and G. J. Boons, 

Chembiochem, 2009, 10, 455-463. 
125 V. Lakshminarayanan, P. Thompson, M. A. Wolfert, T. 

Buskas, J. M. Bradley, L. B. Pathangey, C. S. Madsen, P. A. 

Cohen, S. J. Gendler and G. J. Boons, Proc Natl Acad Sci U S A, 
2012, 109, 261-266. 

126 D. E. Briles, J. L. Claflin, K. Schroer and C. Forman, Nature, 

1981, 294, 88-90. 
127 Y. Wen and J. H. Collier, Curr Opin Immunol, 2015, 35, 

73-79. 

128 A. Miermont, H. Barnhill, E. Strable, X. Lu, K. A. Wall, Q. 
Wang, M. G. Finn and X. Huang, Chemistry, 2008, 14, 4939-
4947. 

129 Z. Yin, H. G. Nguyen, S. Chowdhury, P. Bentley, M. A. 
Bruckman, A. Miermont, J. C. Gildersleeve, Q. Wang and X. 
Huang, Bioconjugate Chemistry, 2012, 23, 1694-1703. 

130 Z. Yin, M. Comellas-Aragones, S. Chowdhury, P. Bentley, 
K. Kaczanowska, L. Benmohamed, J. C. Gildersleeve, M. G. 
Finn and X. Huang, ACS Chem Biol, 2013, 8, 1253-1262. 

131 Z. Yin, S. Chowdhury, C. McKay, C. Baniel, W. S. Wright, P. 
Bentley, K. Kaczanowska, J. C. Gildersleeve, M. G. Finn, L. 
BenMohamed and X. Huang, ACS Chem Biol, 2015. 

Page 15 of 17 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

16 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

132 R. L. Coffman, A. Sher and R. A. Seder, Immunity, 2010, 

33, 492-503. 
133 N. Gaidzik, U. Westerlind and H. Kunz, Chem Soc Rev, 

2013, 42, 4421-4442. 

134 I. Bettahi, G. Dasgupta, O. Renaudet, A. A. Chentoufi, X. 
Zhang, D. Carpenter, S. Yoon, P. Dumy and L. BenMohamed, 
Cancer Immunol Immunother, 2009, 58, 187-200. 

135 O. Renaudet, L. BenMohamed, G. Dasgupta, I. Bettahi 
and P. Dumy, ChemMedChem, 2008, 3, 737-741. 

136 B. L. Wilkinson, S. Day, R. Chapman, S. Perrier, V. 

Apostolopoulos and R. J. Payne, Chemistry, 2012, 18, 16540-
16548. 

137 J. S. Rudra, Y. F. Tian, J. P. Jung and J. H. Collier, Proc Natl 

Acad Sci U S A, 2010, 107, 622-627. 
138 J. S. Rudra, T. Sun, K. C. Bird, M. D. Daniels, J. Z. 

Gasiorowski, A. S. Chong and J. H. Collier, ACS Nano, 2012, 6, 

1557-1564. 
139 C. B. Chesson, E. J. Huelsmann, A. T. Lacek, F. J. Kohlhapp, 

M. F. Webb, A. Nabatiyan, A. Zloza and J. S. Rudra, Vaccine, 

2014, 32, 1174-1180. 
140 G. A. Hudalla, J. A. Modica, Y. F. Tian, J. S. Rudra, A. S. 

Chong, T. Sun, M. Mrksich and J. H. Collier, Adv Healthc 

Mater, 2013, 2, 1114-1119. 
141 J. Chen, R. R. Pompano, F. W. Santiago, L. Maillat, R. 

Sciammas, T. Sun, H. Han, D. J. Topham, A. S. Chong and J. H. 

Collier, Biomaterials, 2013, 34, 8776-8785. 
142 G. A. Hudalla, T. Sun, J. Z. Gasiorowski, H. Han, Y. F. Tian, 

A. S. Chong and J. H. Collier, Nat Mater, 2014, 13, 829-836. 

143 Z. H. Huang, L. Shi, J. W. Ma, Z. Y. Sun, H. Cai, Y. X. Chen, 
Y. F. Zhao and Y. M. Li, J Am Chem Soc, 2012, 134, 8730-
8733. 

144 R. R. Pompano, J. Chen, E. A. Verbus, H. Han, A. Fridman, 
T. McNeely, J. H. Collier and A. S. Chong, Adv Healthc Mater, 
2014, 3, 1898-1908. 

145 L. Nuhn, S. Hartmann, B. Palitzsch, B. Gerlitzki, E. Schmitt, 
R. Zentel and H. Kunz, Angew Chem Int Ed Engl, 2013, 52, 
10652-10656. 

146 Q. Qin, Z. Yin, P. Bentley and X. Huang, MedChemComm, 
2014, 5, 1126-1129. 

147 M. Glaffig, B. Palitzsch, S. Hartmann, C. Schull, L. Nuhn, B. 

Gerlitzki, E. Schmitt, H. Frey and H. Kunz, Chemistry, 2014, 
20, 4232-4236. 

148 J. M. de la Fuente and S. Penades, Biochim Biophys Acta, 

2006, 1760, 636-651. 
149 R. P. Brinas, A. Sundgren, P. Sahoo, S. Morey, K. 

Rittenhouse-Olson, G. E. Wilding, W. Deng and J. J. Barchi, 

Jr., Bioconjug Chem, 2012, 23, 1513-1523. 
150 A. L. Parry, N. A. Clemson, J. Ellis, S. S. R. Bernhard, B. G. 

Davis and N. R. Cameron, Journal of the American Chemical 

Society, 2013, 135, 9362-9365. 
151 S. Sungsuwan, Z. Yin and X. Huang, ACS Appl Mater 

Interfaces, 2015, 7, 17535-17544. 

152 D. H. Dube and C. R. Bertozzi, Nat Rev Drug Discov, 2005, 
4, 477-488. 

153 C. C. Wang, Y. L. Huang, C. T. Ren, C. W. Lin, J. T. Hung, J. 

C. Yu, A. L. Yu, C. Y. Wu and C. H. Wong, Proc Natl Acad Sci U 
S A, 2008, 105, 11661-11666. 

154 C. S. Wu, C. J. Yen, R. H. Chou, S. T. Li, W. C. Huang, C. T. 

Ren, C. Y. Wu and Y. L. Yu, PLoS One, 2012, 7, e39466. 
155 F. Rieder, S. Schleder, A. Wolf, A. Dirmeier, U. Strauch, F. 

Obermeier, R. Lopez, L. Spector, E. Fire, J. Yarden, G. Rogler, 

N. Dotan and F. Klebl, Inflamm Bowel Dis, 2010, 16, 263-274. 
156 B. Gyorgy, L. Tothfalusi, G. Nagy, M. Pasztoi, P. Geher, Z. 

Lorinc, A. Polgar, B. Rojkovich, I. Ujfalussy, G. Poor, P. Pocza, 

Z. Wiener, P. Misjak, A. Koncz, A. Falus and E. I. Buzas, 
Arthritis Res Ther, 2008, 10, R110. 

157 M. Schwarz, L. Spector, M. Gortler, O. Weisshaus, L. 

Glass-Marmor, A. Karni, N. Dotan and A. Miller, Journal of 
the Neurological Sciences, 2006, 244, 59-68. 

158 P. D. Kwong, J. R. Mascola and G. J. Nabel, Nat Rev 

Immunol, 2013, 13, 693-701. 
159 C. L. Lavine, S. Lao, D. C. Montefiori, B. F. Haynes, J. G. 

Sodroski and X. Yang, J Virol, 2012, 86, 2153-2164. 

160 S. Horiya, I. S. MacPherson and I. J. Krauss, Nat Chem 
Biol, 2014, 10, 990-999. 

161 K. J. Doores, Z. Fulton, V. Hong, M. K. Patel, C. N. Scanlan, 

M. R. Wormald, M. G. Finn, D. R. Burton, I. A. Wilson and B. 
G. Davis, Proc Natl Acad Sci U S A, 2010, 107, 17107-17112. 

162 I. S. MacPherson, J. S. Temme, S. Habeshian, K. Felczak, K. 

Pankiewicz, L. Hedstrom and I. J. Krauss, Angew Chem Int Ed 
Engl, 2011, 50, 11238-11242. 

163 J. S. Temme, M. G. Drzyzga, I. S. MacPherson and I. J. 

Krauss, Chemistry, 2013, 19, 17291-17295. 
164 S. Horiya, J. K. Bailey, J. S. Temme, Y. V. Guillen Schlippe 

and I. J. Krauss, J Am Chem Soc, 2014, 136, 5407-5415. 

165 F. Chiodo, P. M. Enriquez-Navas, J. Angulo, M. Marradi 
and S. Penades, Carbohydr Res, 2015, 405, 102-109. 

166 V. Tchesnokova, P. Aprikian, D. Kisiela, S. Gowey, N. 

Korotkova, W. Thomas and E. Sokurenko, Infect Immun, 
2011, 79, 3895-3904. 

167 T. Beddoe, A. W. Paton, J. Le Nours, J. Rossjohn and J. C. 

Paton, Trends Biochem Sci, 2010, 35, 411-418. 
168 T. R. Branson and W. B. Turnbull, Chem Soc Rev, 2013, 

42, 4613-4622. 

169 X. Yan, A. Sivignon, N. Yamakawa, A. Crepet, C. Travelet, 
R. Borsali, T. Dumych, Z. Li, R. Bilyy, D. Deniaud, E. Fleury, N. 
Barnich, A. Darfeuille-Michaud, S. G. Gouin, J. Bouckaert and 

J. Bernard, Biomacromolecules, 2015, 16, 1827-1836. 
170 A. Bernardi, J. Jimenez-Barbero, A. Casnati, C. De Castro, 

T. Darbre, F. Fieschi, J. Finne, H. Funken, K. E. Jaeger, M. 

Lahmann, T. K. Lindhorst, M. Marradi, P. Messner, A. 
Molinaro, P. V. Murphy, C. Nativi, S. Oscarson, S. Penades, F. 
Peri, R. J. Pieters, O. Renaudet, J. L. Reymond, B. Richichi, J. 

Rojo, F. Sansone, C. Schaffer, W. B. Turnbull, T. Velasco-
Torrijos, S. Vidal, S. Vincent, T. Wennekes, H. Zuilhof and A. 
Imberty, Chem Soc Rev, 2013, 42, 4709-4727. 

171 A. Weisman, B. Chou, J. O'Brien and K. J. Shea, Adv Drug 
Deliv Rev, 2015. 

172 D. P. Eisen and R. M. Minchinton, Clin Infect Dis, 2003, 

37, 1496-1505. 
173 A. Cambi, F. de Lange, N. M. van Maarseveen, M. Nijhuis, 

B. Joosten, E. M. van Dijk, B. I. de Bakker, J. A. Fransen, P. H. 

Bovee-Geurts, F. N. van Leeuwen, N. F. Van Hulst and C. G. 
Figdor, J Cell Biol, 2004, 164, 145-155. 

174 Y. van Kooyk and T. B. Geijtenbeek, Nat Rev Immunol, 

2003, 3, 697-709. 
175 S. Mercier, C. St-Pierre, I. Pelletier, M. Ouellet, M. J. 

Tremblay and S. Sato, Virology, 2008, 371, 121-129. 

176 G. Mulvey, P. I. Kitov, P. Marcato, D. R. Bundle and G. D. 
Armstrong, Biochimie, 2001, 83, 841-847. 

177 F. Lasala, E. Arce, J. R. Otero, J. Rojo and R. Delgado, 

Antimicrob Agents Chemother, 2003, 47, 3970-3972. 
178 J. Luczkowiak, S. Sattin, I. Sutkeviciute, J. J. Reina, M. 

Sanchez-Navarro, M. Thepaut, L. Martinez-Prats, A. Daghetti, 

F. Fieschi, R. Delgado, A. Bernardi and J. Rojo, Bioconjug 
Chem, 2011, 22, 1354-1365. 

179 R. Ribeiro-Viana, M. Sanchez-Navarro, J. Luczkowiak, J. R. 

Koeppe, R. Delgado, J. Rojo and B. G. Davis, Nat Commun, 
2012, 3, 1303. 

180 J. Luczkowiak, A. Munoz, M. Sanchez-Navarro, R. Ribeiro-

Viana, A. Ginieis, B. M. Illescas, N. Martin, R. Delgado and J. 
Rojo, Biomacromolecules, 2013, 14, 431-437. 

Page 16 of 17Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 17  

Please do not adjust margins 

Please do not adjust margins 

181 O. Martinez-Avila, K. Hijazi, M. Marradi, C. Clavel, C. 

Campion, C. Kelly and S. Penades, Chemistry, 2009, 15, 9874-
9888. 

182 O. Martinez-Avila, L. M. Bedoya, M. Marradi, C. Clavel, J. 

Alcami and S. Penades, Chembiochem, 2009, 10, 1806-1809. 
183 S. Sattin, A. Daghetti, M. Thepaut, A. Berzi, M. Sanchez-

Navarro, G. Tabarani, J. Rojo, F. Fieschi, M. Clerici and A. 

Bernardi, ACS Chem Biol, 2010, 5, 301-312. 
184 A. Berzi, J. J. Reina, R. Ottria, I. Sutkeviciute, P. 

Antonazzo, M. Sanchez-Navarro, E. Chabrol, M. Biasin, D. 

Trabattoni, I. Cetin, J. Rojo, F. Fieschi, A. Bernardi and M. 
Clerici, Aids, 2012, 26, 127-137. 

185 N. Varga, I. Sutkeviciute, R. Ribeiro-Viana, A. Berzi, R. 

Ramdasi, A. Daghetti, G. Vettoretti, A. Amara, M. Clerici, J. 
Rojo, F. Fieschi and A. Bernardi, Biomaterials, 2014, 35, 
4175-4184. 

186 S. Ordanini, N. Varga, V. Porkolab, M. Thepaut, L. Belvisi, 
A. Bertaglia, A. Palmioli, A. Berzi, D. Trabattoni, M. Clerici, F. 
Fieschi and A. Bernardi, Chem Commun (Camb), 2015, 51, 

3816-3819. 
187 N. Varga, I. Sutkeviciute, C. Guzzi, J. McGeagh, I. Petit-

Haertlein, S. Gugliotta, J. Weiser, J. Angulo, F. Fieschi and A. 

Bernardi, Chemistry, 2013, 19, 4786-4797. 
188 L. de Witte, A. Nabatov, M. Pion, D. Fluitsma, M. A. de 

Jong, T. de Gruijl, V. Piguet, Y. van Kooyk and T. B. 

Geijtenbeek, Nat Med, 2007, 13, 367-371. 
189 L. Dehuyser, E. Schaeffer, O. Chaloin, C. G. Mueller, R. 

Baati and A. Wagner, Bioconjug Chem, 2012, 23, 1731-1739. 

190. E. Schaeffer, L. Dehuyser, D. Sigwalt, V. Flacher, S. 
Bernacchi, O. Chaloin, J. S. Remy, C. G. Mueller, R. Baati and A. 
Wagner, Bioconjug Chem, 2013, 24, 1813-1823. 

 

Page 17 of 17 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t


