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A library of a-galactose-functionalized dendron-lipid hybrids were synthesized and the

generation dependence of the self-assembly and bioactivity were studied.
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Abstract

Nanoassemblies presenting multivalent displays of biologically active carbohydrates are of
significant interest for a wide array of biomedical applications ranging from drug delivery to
immunotherapy. In this study, glycodendron-lipid hybrids were developed as a new and tunable
class of dendritic amphiphiles. A modular synthesis was used to prepare dendron-lipid hybrids
comprising distearylglycerol and 0 through 4th generation polyester dendrons with peripheral
protected amines. Following deprotection of the amines, an isothiocyanate derivative of C-linked
a-galactose (a-Gal) was conjugated to the dendron peripheries, affording amphiphiles with 1 to
16 o-Gal moieties. Self-assembly in water through a solvent exchange process resulted in
vesicles for the 0 through 2™ generation systems and micelles for the 3™ and 4" generation
systems. The critical aggregation concentrations decreased with increasing dendron generation,
suggesting that the effects of increasing molar mass dominated over the effects of increasing the
hydrophilic weight fraction. The binding of the assemblies to Bandeirae simplicifolia Lectin I
(GSL 1), a protein with specificity for a-Gal was studied by quantifying the binding of
fluorescently labeled assemblies to GSL 1-coated beads. It was found that binding was enhanced

for amphiphiles containing higher generation dendrons. Despite their substantial structural



differences with the natural ligands for the CD1d receptor, the glycodendron-lipid hybrids were
capable of stimulating invariant natural killer T (iNKT) cells, a class of innate-like T cells that
recognize lipid and glycolipid antigens presented by CD1d and that are implicated in a wide
range of diseases and conditions including but not limited to infectious diseases, diabetes and

cancer.

Introduction
Carbohydrates play many important roles in biological systems including as structural
components, energy sources, and as regulators of cellular communication, recognition, signaling
and adhesion. These latter processes are normally mediated through either carbohydrate-
carbohydrate or protein-carbohydrate interactions, and are critical aspects of many pathogeneses
including viral and bacterial infection,"* immunological disorders,’ tumor formation* and cancer
metastasis.’ However, in all cases, these carbohydrate-based recognition events are non-covalent,
and are generally quite weak.® This reduces the effects of single, non-specific binding events, as
multiple simultaneous interactions are often required to initiate biological processes.
Carbohydrate-mediated processes are often triggered by physical contact between two cells, or a
virus and a cell, enabling multiple simultaneous carbohydrate-receptor interactions. For example,
many influenza viruses interact with host cells through the binding of viral hemagglutinin
proteins to sialic acid residues on the cell surface.’

The low affinity of carbohydrate interactions has limited the utility of carbohydrate-based
therapeutic interventions in the past. One solution to this challenge has been to use irreversible
inhibitors that covalently bind to the receptor and consequently inactivate it.* However, covalent

systems risk inactivating other enzymes when they are not highly selective.” Another approach



takes inspiration from biology by using multivalent systems.'’ Multivalent carbohydrates can
exhibit enhanced binding through simultaneous interaction with multiple receptors, as well as
through their high local concentration of ligand."

Several different systems have been explored for the development of multivalent

14,15

carbohydrates,' * including glycosylated synthetic peptides or polymers, nanoparticles'®

19,20

. . . . 17.18 1- . -
and self-assemblies including micelles, "~ liposomes, and polymer vesicles.”'* The use of

dendrons conjugated to or serving as the hydrophilic block in polymer assemblies can afford a

high degree of multivalency due to the multiple peripheral groups on the dendron.***" I

n
addition, the step-wise synthesis of dendrons affords well-defined products, allowing the number
of peripheral groups to be carefully controlled. Carbohydrate-functionalized dendrons have been

28,29 and have also served as the

conjugated to the hydrophilic blocks of polymer vesicles,
hydrophilic blocks of amphiphiles where linear or dendritic hydrocarbons®*>” or polypeptides™®
have served as the hydrophobic blocks. Percec ef al. reported that amphiphilic Janus
glycodendrimers could self-assemble into a wide range of hard and soft assemblies including
spherical and tubular vesicles, rod-like micelles, cubosomes, and solid lamellae depending on the
chemical structures of their hydrophobic and carbohydrate-functionalized hydrophilic
dendrons.* On the other hand, the conformational rigidity of the poly(y-benzyl-L-glutamate) in
the polypeptide-dendron system recently reported by our group resulted in susceptibility to
macroscopic aggregation and only one of the investigated systems formed well-defined micellar
assemblies in aqueous solution.*®

Because of the interest in developing carbohydrate-functionalized nanomaterials for
biomedical applications such as targeted drug delivery, immunotherapy and medical diagnostic

13,39, 40

probes, the entire assembly would ideally be constructed from non-toxic and well-defined



components. In this context, naturally occurring glycerides are attractive as potential
hydrophobic blocks. Although, dendron-lipid hybrids based on glycerides have been previously

reported and explored for applications such as drug delivery,*'**

to the best of our knowledge,
there are no prior reports of glycodendron-lipid hybrids based on true glycerides. We report here
the synthesis of a library of generation 0 through 4 (GO — G4) glycodendron-lipid hybrids based
on glycerides and exploit the amphiphilic character of the molecules for the preparation of
generation-dependent assemblies while at the same time the potential of both the lipid and
carbohydrate moieties to play roles in the bioactivities of the molecules. Both the amphiphiles
and their assemblies are characterized and the abilities of these new systems to bind to lectins

and to stimulate invariant natural killer T (iNKT) cells in vitro in a generation-dependent manner

are described.

Results and discussion

Design of carbohydrate-dendron-lipid hybrids

The carbohydrate moiety selected for the functionalization of the lipid-dendron hybrids was o.-
galactose (a-Gal).”® There are currently very few examples of multivalent assemblies presenting
o-galactose.”” ** Although terminal a-galactose moieties are found in other mammals, they are
not normally found in humans. They are often a sign of pathogenesis and can result in
immunostimulatory effects.* *® For example, KRN 7000 (Figure 1), first isolated from a
Okinawan marine sponge,’” *® has shown considerable activity against cancer as well as for a
number of other potential immunotherapeutic applications.*’ This activity derives from the
anchoring of the lipid domain in the groove of the CD1d receptor, an MHC type 1 protein found

on antigen-presenting cells. The exposed a-galactoside antigen-ligand complex then activates



NKT cells that stimulate the downstream immune response. With a lipid-carbohydrate motif, the
current class of carbohydrate-dendron-lipid hybrids shows some structural homology to the
native ceramides such as KRN 7000. The unnatural C-glycoside anomeric linkage was designed
to enhance the chemical and biochemical stability of the sugar, as the native O-linkage is highly
susceptible to cleavage by enzymes and acidic pH.”" ' The C-glycoside analogue of KRN 7000
was found to exhibit greater biological activity against melanoma than the native compound, and
this has been ascribed to its enhanced stability in physiological conditions.>

Ho /1 o

(0]
HO
Ho| HN™ "CosHs,

O__~_ OH
1 KRN 7000\/1

HO C13H27

Figure 1. Structure of KRN 7000.

A 1,2-distearoylglycerol was selected as the lipid component of the amphiphiles as the two
stearoyl chains contribute a similar total hydrophobic content to the combined C13 and C25
chains found in ceramide 1 (total of 34 vs 38 hydrophobic carbon atoms), while still retaining
ease of synthesis with the two chains being identical. A dendron backbone based on 2,2-
bis(hydroxymethyl)-propionic acid (bis-HMPA) was selected. This well-studied polyester

53,54

scaffold has been shown to be non-toxic at relatively high concentrations in vivo, can be

5556 and is amenable to further functionalization.?®

readily prepared through a divergent strategy,
>7 The ester groups in this backbone also provide a good balance of chemical stability and

degradability.”® Zero through fourth generation (GO - G4) dendrons were employed to provide 1

to 16 sites for functionalization with carbohydrates.



Synthesis of carbohydrate-dendron-lipid hybrids

A modular synthesis was employed, involving the conjugation of an azide-functionalized 1,2-
distearoylglycerol to GO — G4 polyester dendrons with focal point alkynes, followed by
functionalization of the dendron’s peripheral groups with a-galactose. Carbohydrate conjugation
was reserved for the last step because the sugars impart amphiphilicity to the molecules making
them more challenging to carry through multiple steps of synthesis.

The azido diglyceride 2 (Scheme 1) was prepared from racemic glycidol according to a
published protocol for a similar compound (ESI).”” r-Butyloxycarbonyl (Boc)-protected -
alanine functionalized polyester dendrons with focal point alkynes were also prepared as
previously reported,”® with the exception of the previously unreported G1 system, the procedure
for which is provided in the ESI. As shown in Scheme 1 for a second generation dendron (G2-
NHBoc), coupling to 2 was then performed using modified Sharpless-Fokin Cu-assisted azide-
alkyne cycloaddition conditions®” ®' to provide L-G2-NHBOC. The resulting lipid-dendron
hybrids were purified chromatographically and then the Boc protecting groups were removed
using 1:1 trifluoroacetic acid (TFA):CH,Cl, to afford the amine-functionalized dendron-lipid
hybrid L-G2-NH,. The isothiocyanate-activated a-C-galactoside 3 was prepared from galactose

. 38,61
as previously reported.”™

It was coupled to the amine-functionalized dendron-lipid hybrid in
N,N-dimethylformamide (DMF) in the presence of N,N-diisopropylethylamine (DIPEA) to
afford the carbohydrate-dendron-lipid hybrid L-G2-Gal. The same methods were used to prepare
GO through G4 systems shown in Figure 2, except that for the GO system, Boc-protected
propargyl amine was used instead of a dendron. The G1 through G4 products were purified by

dialysis in DMF followed by H,O to remove excess carbohydrate and salts while the GO system

was purified by preparative thin layer chromatography.
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Scheme 1. Representative synthesis of a a-Gal-functionalized lipid-dendron hybrid as well as a

hydroxyl-functionalized control.
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Using an analogous strategy, a control G3 system with peripheral hydroxyls instead of
carbohydrates was also prepared by coupling acetonide-protected G3 (G3-Acet)> with 2 to
afford L-G3-Acet (Scheme 1). The acetonide groups were subsequently removed by treatment
with acidic Dowex" ™ 50WX8 resin in methanol to provide L-G3-OH. This product was purified
chromatographically. All dendron-lipid hybrids were characterized by 'H and *C NMR
spectroscopy. Based on the relative integrations of the 'H NMR peaks corresponding to the
isothiocyanate-functionalized versus unreacted 3-alanine moieties at the dendron peripheries, the
extent of functionalization ranged from ~80% for L-G2-Gal to more than 90% for all of the
other a-Gal-functionalized hybrids. Peak assignments and details of this analysis are included
with the corresponding spectra in the ESI. Mass spectrometry was also used to confirm the
structural assignment of all final materials and intermediates except for L-G3-Gal and L-G4-
Gal, where fragmentation processes dominated. Spectra and details of these analyses are also
included in the ESI.

In addition, the glass transition temperatures (T,) and melting points (Ty,) were determined by
differential scanning calorimetry (DSC). As shown in Table 1, upon increasing the generation of
the a-Gal-functionalized dendron, the molecules transitioned from being crystalline or
semicrystalline solids with the Ty, ranging from 56 °C for the GO system to 18 °C for the G3
system to an amorphous solid at G4. This suggests that higher dendron generations interfere with
crystalline packing, resulting in smaller crystalline domains and thus lower Ty,. In contrast, the
T, increased from -8 °C for the G3 system to 12 °C for the G4 system, indicating reduced
segmental motion at higher generations. For comparison, the lipid derivative 2 is a crystalline
solid with a Ty, of 38 °C, while the previously reported galactose-functionalized polyester

dendron (Propargyl-GS-Gal)38 is an amorphous solid with a T, of -8 °C. Thus, the crystalline

10



behavior of the lipid dominates at lower dendron generations while the amorphous properties of

the dendron dominate at higher dendron generations.

Table 1. Overview of the dendron-lipid hybrids (ND = none detected).

Compound Dendron generation T, Tm
(number of peripheral groups)
L-G0-Gal 0(1) ND 56 °C
L-G1-Gal 1(2) ND 53°C
L-G2-Gal 2(4) ND 36 °C
L-G3-Gal 3(8) -7°C 18 °C
L-G4-Gal 4 (16) 12 °C ND
L-G3-OH 3(8) -14°C 38°C
Lipid derivative 2 - ND 38°C
Propargyl-G3-Gal’® | 3 (8) -8 °C ND

Self-assembly of carbohydrate-functionalized dendron-lipid hybrids

The hydrophilic mass fractions (f) of the carbohydrate-dendron-lipid hybrids were calculated as
the molar mass of the hydrophilic fraction/(total molar mass). For the Gal series, the hydrophilic
fraction was considered to be the mass of the carbohydrate residues alone, while for L-G3-OH it
was considered to be only the mass of the hydroxyl groups, as the polyester dendrimer backbone
is hydrophobic. As shown in Table 2, L-G3-OH had an f'value of 0.09, while franged from 0.17

to 0.34 for the a-Gal-functionalized materials as the dendron generation increased from GO to

11



G4. It was anticipated that as both the curvature and f increase with increasing generation, a

transition from lamellar to micellar morphologies would be observed.

Table 2. Properties of assemblies formed by dendron-lipid amphiphiles as determined by DLS

and TEM. “From the DLS intensity distribution.

Amphiphile | f Peak diameter(s)" | Z-Average | Dispersity Morphology from TEM
(DLS, nm) diameter (from DLS) | (organic solvent)
(DLS, nm)
L-G0-Gal | 0.17 310 290 0.08 Vesicles
(THF)
L-G1-Gal | 0.22 250 260 0.39 Vesicles
(THF)
L-G2-Gal | 0.28 190 190 0.36 Vesicles
(DMSO)
L-G3-Gal | 0.32 10, 220 15 0.57 Micelles, aggregates of
micelles
(DMSO)
L-G4-Gal | 0.34 10, 170 60 0.16 Micelles, aggregates of
micelles
(DMSO)
L-G3-OH | 0.090 145 120 0.19 Compound micelles

(DMSO)

12




The self-assembly of the amphiphiles was investigated by a solvent exchange method.
Due to the differing solubilities of the different generations, THF was selected as the organic
solvent for the GO and G1 systems, while DMSO was used for the G2 through G4 systems. The
reported results correspond to the assemblies obtained by the addition of water to the organic
solution of the amphiphile, although the addition of the organic solution to water gave similar
results. The assemblies were characterized by dynamic light scattering (DLS) (Table 2 and ESI)
and transmission electron microscopy (TEM) (Figure 3). L-G0-Gal, L-G1-Gal, and L-G2-Gal
appeared to self-assemble into dendrimersomes with diameters ranging from ~200-300 nm
(Figure 3a-c). The hydrodynamic diameters measured by DLS were in general agreement with
the diameters observed by TEM (Table 2). In comparison with previously reported Janus

- 31,33, 34,62
glycodendrimers,” > > "™

the current amphiphiles were able to tolerate a higher
carbohydrate:alkyl chain ratio while still retaining the vesicular morphology. This may be
attributed to the hydrophobic polyester backbone supporting the display of the carbohydrates in
comparison to the shorter and/or more hydrophilic spacers previously reported. Based on their
sizes and solid morphologies observed in TEM (Figure 3d and 3e), both L-G3-Gal and L-G4-
Gal self-assembled to form mainly micelles. This change in morphology from vesicles to
micelles can be attributed to the increased curvature and increased hydrophilic fraction of these
higher generation systems. Based on DLS analysis, the micelle hydrodynamic diameters of both
the G3 and G4 systems were approximately 10 nm, but some aggregates with diameters closer to
200 nm were also observed, which influenced the Z-average diameters of these assemblies.
Aggregates of micelles could also be observed by TEM (Figures S80 and S81). The L-G3-OH

amphiphile assembled to form solid particles that based on DLS and TEM data were likely

compound micelles.

13



Figure 3. Representative TEM images of assemblies formed from a) L-G0-Gal; b) L-G1-Gal; c)

L-G2-Gal; d) L-G3-Gal; e) L-G4-Gal; f) L-G3-OH.

The critical aggregation concentration (CAC) for each amphiphile was determined in 0.1
M, pH 7.4 phosphate buffer using pyrene as a fluorescent probe.** * This method exploits the
differences in the emission spectra of pyrene in environments with different polarizability to
determine the presence or absence of hydrophobic domains. As shown in Table 3, the CACs
ranged from 118 mg/L for L-G0-Gal to 20 mg/L for L-G4-Gal. Similar values were also
obtained using a procedure based on DLS.® In terms of molarity-based concentrations, this
corresponds to a nearly two orders of magnitude decrease in the CAC as the dendron generation

was increased from GO to G4. Initially, it was expected that the CAC would increase with

14



increasing f; and thus increasing dendron generation. For example, Suek and Lamm®® predicted
that for hydrophilic dendrons of varying generation conjugated to a hydrophobic chain of fixed
length, the CAC should increase with increasing dendron generation, which is in agreement with

. : 37,67, 68
previously reported experimental results.”” >"

However, the opposite trend was observed for
the current system. Instead, the increase in the molar mass (MM) associated with higher dendron
generation seems to dominate. This may result from the hydrophobicity of the polyester
backbone, as increasing the dendron generation results in not only an increase in f but also an
increase in the molar mass of the hydrophobic block, a parameter that is also known to result in

decreasing CAC.%” As shown in Figure S88, interestingly log(CAC) exhibits a linear dependence

on log(MM) for this series of compounds.

Table 3. CACs for the dendron-lipid hybrids as measured by the pyrene probe and DLS

methods.

Compound CAC CAC CAC (DLS) MM (g/mol)
(pyrene, mg/L) | (pyrene, nM) (mg/L)

L-G0-Gal 118 120 100 954

L-G1-Gal 50 34 100 1462

L-G2-Gal 37 16 30 2334

L-G3-Gal 27 6.6 15 4079

L-G4-Gal 20 2.6 20 7568

L-G3-OH 6 3.8 10 1518

15



Lectin binding studies
With the small library of a-Gal-functionalized assemblies in hand, binding to the a-galactose
specific lectin, Griffonia simplicifolia Lectin I (GSL 1) isolated from a woody climbing shrub in
West Africa,”’ was evaluated. This lectin is highly sensitive to structural modifications such as 2-
deoxydation or alkylation,”" and to any modification of the C-6 hydroxymethyl as a 30-fold
lower binding to D-fucosyl glycosides demonstrates.”” It is ~100-fold more selective for -
galactose over B-galactose.”” To the best of our knowledge, its binding to C-linked a-Gal has not
previously been investigated.

There are many methods to quantitatively or semi-quantitatively evaluate the binding between

lectins and carbohydrates.”>”

In the current work, the binding of fluorescently labeled
carbohydrate-dendron-lipid assemblies to lectin-functionalized agarose beads was selected as the
approach to compare the different assemblies.”® To perform this assay, the assemblies were
prepared in the presence of nile red, a stable fluorescent dye that partitions into the hydrophobic
domains of assemblies.”’ Following dialysis against 0.1 M, pH 7.4 phosphate buffered saline
(PBS) to remove unincorporated nile red and residual organic solvent, the fluorescence of each
assembly was measured in order to later normalize the data (Table S1). Next, the assemblies
were added to suspensions of GSL 1-coated agarose beads. The concentration of dendron-lipid
hybrid in these studies was 0.25 mg/mL, above the CAC for each system. After 3 hours of
incubation at ambient temperature, the beads were subjected to either one or two thorough
washing procedures. Fluorescence microscopy was then used to quantify the fluorescence of the

beads, with high fluorescence (Figure 4a) indicating the binding of more assemblies to the beads

than low fluorescence (Figure 4b). After correcting for autofluorescence, the dark pixel effect

16



arising from differing exposure times,”® and normalizing the data with respect to the fluorescence
intensities of the different assemblies, a quantitative comparison of the binding of the different

systems to the beads was obtained.

C) 500 -
1200 7
mGSL1 ® L-GO-Gal

H Jacalin " L-G1-Gal

1000 1 " L-G2-Gal
1 L-G3-Gal
800 1 L-G4-Gal

GSL 1 (10x Gal)
GSL 1 (100x Gal)
L-G3-OH

350 4

Washi  Wash2
Figure 4. (a, b) Fluorescence microscopy images of GSL 1-coated agarose beads at 20x
magnification. Image a) is of a highly fluorescent sample (L-G3-Gal) while image b) is of a
weakly fluorescent sample (L-G3-OH) indicating poor binding to the bead. ¢) Normalized
relative fluorescence of L-G3-Gal assemblies bound to GSL 1 or Jacalin-coated agarose beads in
the absence or in the presence of excess free galactose; L-G3-OH assemblies bound to the beads
are also included here for comparison. d) Relative fluorescence of GSL 1-coated beads incubated
with varying generations of a-Gal-functionalized dendron-lipid hybrids and then subjected to one
or two thorough washing procedures. Error bars represent the standard error on the mean of the

measurements.

Experiments were also performed to ensure that the observed binding was specific. Despite

their lack of carbohydrates, the L-G3-OH assemblies have many hydroxyl groups on their

17



surfaces and their binding to GSL 1-coated beads was evaluated. In addition, the binding of
assemblies of L-G3-Gal to GSL 1-coated beads was evaluated in the presence of a 10-fold and
100-fold excess of free galactose. Furthermore, the binding of L-G3-Gal assemblies with
Jacalin-coated agarose beads with the same lectin loading was evaluated. Jacalin is a plant-based
lectin isolated from jackfruit,” that binds preferentially to B-galactosyl and B-2-N-acetyl-
galactosyl residues, although it does show moderate binding to a-Gal moieties.*

As shown in Figure 4c, L-G3-Gal exhibited ~2-fold higher binding to the GSL 1-coated
beads than to the Jacalin-coated beads (surface lectin concentration for the two beads is
identical), suggesting specificity for the lectin that binds a-Gal more strongly. In addition, the
presence of 10-fold and 100-fold excess free galactose suppressed the binding of L-G3-Gal to
GSL 1-coated beads 25-fold and 80-fold respectively. This dose-responsive competitive
inhibition suggests that the L-G3-Gal assemblies bind specifically to the carbohydrate-binding
site on GSL 1 rather than nonspecifically to the protein or bead itself. The L-G3-OH assemblies
have significantly lower affinity for the GSL 1-coated beads than for the a-Gal system, again
suggesting quite specific binding involving the carbohydrate moieties. Overall, this series of
experiments demonstrated that C-linked a-Gal could still bind to GSL 1, and that it could do so
in a specific manner even when conjugated to the periphery of a dendron and presented at the
surfaces of nanoassemblies. This is despite the dense topography of the surface which has been
suggested to significantly decrease lectin affinity due to steric crowding compared to a more
freely displayed carbohydrate.*”

A comparison of the binding of the assemblies prepared from dendron-lipid hybrids of
different generations after either one or two thorough washing procedures is shown in Figure 4d.

The goal of the second wash protocol was to remove the more weakly bound and less stable
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assemblies, thereby providing some additional information regarding the potential of the
different systems. After the first wash, L-G4-Gal exhibited ~2-fold higher binding to GSL 1-
coated beads than L-G3-Gal, and ~7-fold higher binding than L-G0-Gal. L-G1-Gal and L-G2-
Gal were similar to one another and exhibited the lowest binding, which was ~18-fold lower
than the best binder L-G4-Gal. To explain this rather parabolic trend in the binding with
increasing generation, we suggest that the L-G0-Gal system exhibited moderate binding
resulting from the presentation of multiple individual a-Gal residues at the vesicle surface. Upon
increasing the generation of the dendrons in L-G1-Gal and L-G2-Gal, thereby increasing the
multivalency of the a-Gal to 2 and 4 per molecule respectively, the binding actually decreased. It
is possible that the increase in multivalency was not sufficient to compensate for increasing steric
hindrance that could prevent access of a-Gal on the vesicle surface to the binding site on the
protein. The lectin-binding properties of libraries of carbohydrate-functionalized
dendrimersomes expressing one or two carbohydrates per molecule have been previously
reported.”" i Using a hemagglutination assay, it was found that the carbohydrate affinity to the
lectin was highly dependent on the architecture of the dendrimer. Highest binding (per
carbohydrate) was observed when the carbohydrate was sterically unencumbered, although
binding was higher when a two carbohydrates per molecule were present.

Upon further increasing the multivalency and changing from a vesicular to micellar
morphology in L-G3-Gal and L-G4-Gal, the binding affinity increased significantly. Improved
binding of small carbohydrate-functionalized micelles in comparison with analogous larger
vesicles has been previously reported and was proposed to result from their higher curvature,
though the reasons for this were not fully understood.™" It is possible that the packing

requirements associated with the formation of the vesicle membrane inhibit mobility of the
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carbohydrates and thus their binding abilities. The improved binding of the micellar structures
relative to the vesicles might also be attributed to the lack of crystallinity of these systems (Table
1), which would also afford increased flexibility and adaptability of the system. The exchange of
amphiphiles between polymeric micelles is well established and has been studied by techniques

82, 83
such as fluorescence spectroscopy.

However, the increased multivalency afforded by the G4
system is also clearly important as evidenced by the better binding of L-G4-Gal. This would
result in increasingly high, localized concentrations of a-Gal, which can enhance binding
through a proximity effect that may be more pronounced than a proximity effect over the
assembly surface. A crystal structure of a GSL 1 isolectin has revealed that this lectin is
tetrameric with a single carbohydrate binding site per subunit.* Basic molecular modeling has
suggested that the a-Gal moieties on the G4 dendron can span a distance of ~3.5 nm, so it is
unlikely that a single dendron can span multiple binding sites on the protein.’®

After the second washing procedure, the fluorescence of the L-G0-Gal system was nearly
undetectable and became lower than L-G1-Gal and L-G2-Gal, which were poorer binders after
the first wash. As the L-G0-Gal system exhibits the highest CAC value, more than 2-fold higher
than the corresponding G1 system, it would be more likely to undergo disassembly and
consequent loss of multivalency during the dilutions associated with the washing procedure,
which took place over 3 hours. To probe this further, the disassembly kinetics of L-G0-Gal was
probed by DLS. Assemblies were prepared above the CAC (0.5 mg/mL), then diluted to below
the CAC (0.075 mg/mL). Following dilution, a gradual decrease in the count rate was observed,
reaching ~57% of the initial value after 20 hours (Figure S90). The count rate was still ~100-fold

higher than that measured for buffer alone, suggesting that some assemblies were still present at

this time. The time scale of the disassembly suggests that assemblies of L-G0-Gal were likely
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not destroyed during dilutions associated with the first wash, but may have started to become
disassociated during the second washing procedure, thereby compromising their ability to bind to
the beads.

Only L-G4-Gal retained strong binding, with a normalized bead fluorescence ~6-fold higher
than the next best system, L-G3-Gal. This can be attributed to this system exhibiting the highest
multivalency and also the highest thermodynamic stability, as evidenced by its CAC. Thus,
despite the complex interplay of different factors including molecular-level multivalency,
assembly morphology, and assembly stability, it appears that assemblies formed from higher
generation dendron-lipid hybrids are able to provide enhanced binding to the lectin-coated
agarose beads. This can be attributed to their high multivalency, micellar morphology and high
thermodynamic stability. Based on the results of the GO through G2 systems, it is possible that

thinning the carbohydrate density might lead to further improvements in binding.

Biological evaluation

The dendron-lipid hybrids were also investigated for their biological activity, specifically their
ability to elicit a response from CD1d-restricted INKT cells. CD1d is structurally similar to
MHC class I molecules. However, unlike highly diverse MHC I molecules that present a wide
range of peptide antigens to conventional T cells, the monomorphic CD1d presents select lipids
to iINKT cells, infrequent but potent unconventional T cells with profound immunoregulatory
roles in health and disease.”>* The prototypic CD1d-restricted agonist of iNKT cells is KRN
7000 that has an a-galactosylceramide structure.®” The canonical T cell receptor (TCR) of iNKT
cells interacts with both CD1d and the glycolipid it presents, which is typically followed by

cytokine production.® It is noteworthy that the TCR of iNKT cells can also be triggered by
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superantigens, exotoxins secreted by staphylococci and streptococci, in a CD1d-independent
fashion.*

The glycodendrons generated in this study are significantly different from natural CD1d
ligand. However, the high concentration of a-Gal on the surfaces of the assemblies is reminiscent
of the high carbohydrate content of the glycolipid-containing cell walls of certain bacterial

species that are known to activate INKT cells directly.”” !

Two different sample preparation
methods were investigated: 1) The assemblies prepared at 1 mg/mL, well above the CAC of all
compounds, and then diluted to either 1 ug/mL or 20 ng/mL for the bioassay we employed; 2)
Compounds directly dissolved at 10 pg/mL, which is approximately equal to or below the CAC
for all compounds, and then diluted to either 1 ug/mL or 20 ng/mL for the assay. Mouse
DN32.D3 cells, a routinely used mouse iNKT hybridoma,’* were selected for the study. The co-
expression of CD1d and the canonical TCR of iNKT cells by DN32.D3 cells allows these cells to
cross-activate each other once exposed to antigenic glycolipids. This eliminates the need for the
presence of accessory antigen-presenting cells in the assay, which could otherwise complicate
the interpretation of the data. Cells were incubated with the indicated compounds or with 100
ng/mL of KRN 7000 (positive control) for 24 hours before the interleukin-2 (IL-2) content of
culture supernatants was determined, as a measure of cellular activation, by a standard enzyme-
linked immunosorbent assay (ELISA).89

As shown in Figure 5, all dendron-lipid hybrids exhibited lower activity than KRN 7000.
However, L-G2-Gal, L-G3-Gal, and L-G4-Gal exhibited higher activity than media alone or L-
G3-OH. This is significant due to the substantial structural differences between the dendron-

lipid hybrids and the natural ligands for the CD1d receptor. Previous work has shown that even

small changes in the structure of a-galactosyl ceramides can result in complete loss of the
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immunostimulatory response.” Interestingly, there was a trend towards higher activity for the
samples that were prepared via direct dissolution at 10 pug/mL. This suggests that it was
individual molecules rather than the assemblies that were interacting with the targets. It is
possible that the preparation of samples at lower concentration prevents the irreversible
formation of larger aggregates, such that those observed for L-G3-Gal and L-G4-Gal, which
could prevent access to the a-Gal moieties. Nevertheless, in the in vivo application of these
systems, self-assembly may still be expected to play a key role in dictating the biodistribution
behavior of the materials, assuming that they would be administered at a dose above the CAC.
The activity was also similar at concentrations of 20 ng/mL or 1 pg/mL, suggesting saturation of
the receptor. Despite this, in each series of data there was a clear trend toward higher activity for
the higher generation systems. This suggests that carbohydrate binding played a key role in the
relevant ligand-receptor interactions and that the higher multivalency and/or size of the higher
generation systems resulted in increased cellular activation. Further research will be required to

elucidate the mechanism of action of these molecules and to explore their potential applications.
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Figure S. Levels of murine IL-2 following exposure to a-Gal-dendron-lipid hybrids, prepared as
diluted assemblies or via direct dissolution and dilution, at either 20 ng/mL or 1 pg/mL. The
right column includes KRN 7000 at 100 ng/mL as a positive control, as well as L-G3-OH at 1
pg/mL and media alone as negative controls. Error bars represent the standard deviation of 3

measurements.

Conclusions

The synthesis and study of the first glycodendron-lipid hybrids based on glycerides were
described. A modular synthetic approach afforded hybrids containing two stearate chains and
five different generations of dendrons functionalized on their peripheries with 1 to 16 C-linked
a-Gal moieties. These materials self-assembled in aqueous solution through a solvent exchange
method to form vesicles at low dendron generations and micelles at higher dendron generations.
The CACs were in the nM range and decreased with increasing generation. This was attributed to
the increasing molar mass of the amphiphiles with increasing generation, despite the
corresponding increase in hydrophilic mass fraction, which would otherwise be expected to
increase the CAC. The binding to GSL 1-coated agarose beads was studied using fluorescent
dye-loaded assemblies. While GSL 1 is known to be specific for a-Gal residues, the current
study confirmed for the first time the interaction between this lectin and a C-linked a-Gal. The
study also revealed that assemblies prepared from higher dendron generations exhibited
enhanced binding to GSL 1, a result that was attributed to a combination of factors arising from
the increased adaptabilities of these systems, their higher multivalency, and their increased
stability. Finally, the ability of the new dendron-lipid hybrids to activate INKT cells was

demonstrated, with enhanced activation observed for the higher generation systems. This effect
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has not been previously noted for glycodendrons in any form, or for molecules with such
significant structural differences from native a-galactosylceramides. Overall, the successful
synthesis as well as the physical and biological evaluation of these materials demonstrates that
glycodendron-lipid hybrids and their self-assemblies exhibit tunable properties and show

promise for a variety of applications requiring specific receptor-ligand interactions.
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