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I Glycopolymers

Supramolecular Glyco-nanoparticles Toward
Immunological Applications

Mingchang Lin, Yufei Zhang, Guosong Chen,* and Ming Jiang

Glyco-mimicking nanoparticles (glyco-NPs) with Forster resonance energy
transfer (FRET) donor and acceptor groups formed via dynamic covalent bond
of benzoboroxole and sugar from two complementary polymers are prepared. The
glyco-NPs are proved to be quite stable under physiological conditions but sensitive
to pH. So the glyco-NPs can be internalized by dendritic cells with integrity and
nontoxicity and then dissociate within the acidic organelles. This particle dissociation
is directly observed and visualized in vitro, for the first time via the FRET
measurements and fluorescent microscopy. This feature makes controlled release
of drug or protein by glyco-NPs possible, i.e., when model antigen Ovalbumin
is loaded in the glyco-NPs, the released Ovalbumin in dendritic cells stimulates
T cells more efficiently than the free Ovalbumin itself as a result of the enhanced
antigen processing and presentation. Thus, the results enlighten a bright future of the

glyco-NPs in immunotherapy.

1. Introduction

Mimicking the complex structures and various functions of
cells has been a major and long-term target in self-assembly
studies.! In this broad field, along with constructing the
mimics to intracellular compartments (the organelles) and
concerted enzymatic reactions wherein,l?! mimicking glyco-
calyx, i.e., the cell surface structure of a heavy layer of gly-
coprotein, glycolipid, and proteoglycan,l®! has drawn great
attention due to the crucial role of the sugars on cell—cell
interactions and cell-matrix interactions.*l Our group
and several others have achieved some of such mimics by
using self-assembled glyco-containing macromolecules.!
Very recently, we reported that our glycocalyx-mimicking
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nanoparticles (glyco-NPs) were able to activate macrophages
by turning the immunosuppressive subtype to the immunore-
sponsive ones, which brought forth a great potential of such
glyco-NPs in immunotherapy.[‘]

Incorporation of the glyco-NPs into immunological
cells is far from enough for immunotherapy. Generally,
antigen-encapsulated nanoparticles need to be endocytosed
into dendritic cells (DCs) first, which are the most effec-
tive antigen-presenting cell with the function of processing
antigen material. Then subsequent steps are required, i.e.,
release of the antigen within the cell, presentation of the
antigen on the cell surface, and then stimulating T cells for
activation. Thus it is demanding to invent a new type of
glyco-NPs as a nontoxic and intelligent antigen-vehicle, which
could perform a lossless transfer of the preloaded antigen
into cells and then release it within the organelles in DCs as
designed. In our efforts to mimic glycocalyx, dynamic cova-
lent bond has played a special role 2 which is featured by
its dual natural characters: Depending on the environmental
conditions, the bonds could be as labile as the noncovalent
bonds or as inert as the covalent bonds.”l As a derivative of
phenylboronic acid, benzoboroxole (BOB) is employed in
this work, particularly featured by its binding ability to non-
reducing sugars at neutral condition, which broadens its tar-
gets to natural nonreducing saccharides.[®]
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Scheme 1. Chemical structures of PBOB, and its FRET donor form N-PBOB, glycopolymer PMan, PGal, and their FRET acceptor forms R-PMan,
R-PGal, respectively. The cartoon at the bottom represented the glyco-NP formation.

Herein, for the goal of exploring the possible immuno-
logical applications, a new type of supramolecular nano-
particles based on the dynamic covalent bond between
BOB-containing polymer and glycopolymer was designed
and prepared. The resultant glyco-NPs exhibited desirable
properties: they were quite stable under physiological condi-
tions, which ensured its endocytosis without being destroyed;
while they were sensitive to pH, which enabled them to
release the preloaded model antigen ovalbumin (OVA) in
DCs due to their dissociation under the acidic organelles.
Finally, therapeutic application of the responsive glyco-NP
was demonstrated via the successful activation of T cells.
Particularly, in the study, the success of using Forster reso-
nance energy transfer (FRET) technique not only provided
a simple way to evaluate the environmental responses of the
particles but also for the first time, made their change within
the organelles to be visualized. This work demonstrated the
bright future of the glyco-NPs in cancer immunotherapy and
vaccine development.

2. Results and Discussion

2.1. Design and Formation of Glyco-NPs

It is known that DCs have sugar-specific recognition receptors,
i.e., mannose receptor (MR, CD206) to o-mannopyranoside
(Man) and macrophage galactose lectin (MGL, CD301)
to o-galactopyranoside (Gal). Herein, two corresponding
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polymers PMan and PGal with the same backbone, same
molecular weight (M,,) and polydispersity index (PDI) con-
taining respective monosaccharide stereoisomers, were syn-
thesized® and employed (Scheme 1). Copolymer PBOB
composed of N-isopropylacrylamide (NIPAm) and BOB
was prepared according to our previous procedure.’] For
FRET studies, fluorescent donor 7-nitro-2,1,3-benzoxadiazole
(NBD) and acceptor rhodamine B (RhB) were attached to
PBOB and glycopolymers via copolymerization and post-
polymerization modification, generating N-PBOB (Scheme 1
and Figure S2, Supporting Information) and R-PMan/R-PGal
(Scheme 1 and Figure S3, Supporting Information), respec-
tivelyl®l (preparation and characterization details of these
polymers are in the Supporting Information, Figures S1-S7).

Mixing glycopolymers and PBOB in water at a low
concentration (in most cases, 0.25 mg mL™") gave dramatic
increases of the light scattering signals (//[;) and hydro-
dynamic radius (Rp), which indicated the formation of
self-assembled nanoparticles due to the dynamic covalent
bonding between the sugar and BOB species (Figure S8,
Supporting Information). As shown in Table S1 of the Sup-
porting Information, the composition of weight ratio 1:1
(glycopolymer: PBOB, molar ratio 2.93:1 calculated as
monosaccharide: BOB) was selected to prepare glyco-NPs
in this study. Different from the classical assembled nano-
particles from amphiphilic copolymers, in the glyco-NPs both
PBOB, in which NIPAM units are dominant, and the glyco-
polymer kept hydrophilic. So in the nanoparticles, there is no
clear core—shell structure. The formation of the nanoparticles
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was driven by the BOB-based dynamic bonds, which formed
hydrophobic cross-linkers. This is very similar to the for-
mation of nanoparticles of interpolymer complex due to
hydrogen bonding, which has been intensively studied.'"]
The current nanoparticles tend to have glyco-unit enriched
on the surface because of its strong hydrophilicity than the
other species. This was confirmed by the 'H NMR data for
the obtained glyco-NPs in D,O where sugar units presented
much stronger signals than those in the backbone and the
isopropyl group of PNIPAm (Figure S9 and Table S2, Sup-
porting Information).

2.2. FRET of Glyco-NPs

To monitor the stability and possible dissociation of glyco-
NPs both in solution and in vitro, FRET of the glyco-NPs was
studied by introducing the chromophores NBD and RhB into
PBOB and the glycopolymers, respectively. NBD as a donor
and RhB as a acceptor form a well-known FRET pair.['!
After attaching the chromophores into the polymer chains,
this pair kept its FRET character well, as evidenced by the
large overlap between the emission spectrum of N-PBOB and
the excitation spectra of R-PGal and R-PMan (Figure S10,
Supporting Information). In the FRET study, the ratio of
the emission intensity at 587 nm of RhB to that of NBD at
538 nm (Is47/1535) was evaluated. As shown in Figure 1a,
when N-PBOB and R-PGal were mixed at an equal amount,
FRET was so efficient that even no NBD emission at 538 nm
was detected (Figure Slla, red line, Supporting Informa-
tion). This was not suitable for the further study. Thus I5g;/I535
was measured for a series of blended solutions composed of
PBOB, R-PGal, and PGal, where PGal without the acceptor
RhB was used to “dilute” RhB in the glyco-NPs (Figure S11b,
Supporting Information). Obviously /Isg;/Is33 decreased with
increasing the proportion of the inert PGal. Finally, the com-
position of N-PBOB: R-PGal: PGal being 1:0.5:0.5, leading
to Isgs/ls35 around 2.0 was selected. It is worth to mention
that, as the emission spectra of PBOB were rather broad
as shown in Figure S1la of the Supporting Information, the
ratio of Isg/l533 of PBOB itself was around 0.69. Thus we
think that if glyco-NPs give a low Isg,/I53 around 1.0, they
could be regarded as dissociated ones.

S| s

2.3. Stability and Response of Glyco-NPs to
Environmental Stimuli

For our final target of the immune application of the glyco-
NPs, their responses to a series of stimuli including glucose,
oxidents, temperature, and pH, which maybe met in physi-
ological conditions, are the basic characters we concern first.
The response of glyco-NPs to glucose was observed by moni-
toring the FRET ratio. Addition of glucose, a competitive
sugar to the solutions of glyco-NPs, would generally cause
a FRET ratio decrease as a result of the dissociation of the
dynamic interactions between BOB and the sugar moieties
and then dissociation of glyco-NPs. However, the degree of
bond dissociation largely depends on concentration of the
additional glucose (Figure S12, Supporting Information).
Specifically, at a relative low concentration, e.g., 5 mg mL™!,
I5g,/1535 value for M-Man and M-Gal were 2.7 and 1.8, respec-
tively, this meant that the two component chains still formed
tight complex, in other words, integration of the glyco-NPs
remained. When the glucose concentration increased to a
quite high range of 20-50 mg mL~!, M-Man still kept stable,
as its Isg7/1533 was around 2.0 while M-Gal dissociated as the
ratio decreasing to around 1.0. This conclusion of a large
excess of glucose making dissociation of the dynamic bonds
from PGal but not PMan is understandable as we demon-
strated previously, that the strength of the bonding is in the
order of PMan > PGal.’l We noticed that the glucose con-
centration in blood is only around 0.8-1.2 mg mL™, so no
doubt both of M-Man and M-Gal would keep stable under
such a low glucose concentration.

Very similarly, according to DLS data, although high con-
centration of H,0, (10 x 10~ M) would induce the dissocia-
tion of both of M-Man and M-Gal (Figure S13a and details in
the Supporting Information), at the concentration of H,O, in
the physiological condition (e.g., 3.3-109.6 x 10 M in human
urine),[?] the glyco-NPs are quite stable (Figure S13b, Sup-
porting Information). However, corresponding FRET esti-
mation for the oxidant effect could not be performed due to
the interference of H,O, to the chromophores.

PBOB was composed of both NIPAm and BOB units so
its response in the glyco-NPs to temperature was expected.
As shown in Figures S14a and S15 of the Supporting Infor-
mation, when temperature increased to over 37 °C, the FRET

ratio of M-Man and M-Gal were 2.3 and
1.7, respectively, indicating that both of

a) b) them were stable at the elevated temper-
— 244 : 451 atures. More significantly, even at 50 °C,
g 2.0 ;g —a-M-Man FRET ratio of M-Man was as high as 2.0.
Z 16l 3:0_ o M-Gal The stability of glyco-NPs against temper-
> & o5l ature was also supported by DLS data. As
2 Ly ?;o 20] shown in Figure S14b of the Supporting
£ 08, = 15] Information, (R,) of M-Man remained
) 0.4 1.0 constant during heating, although [I/I
L ole® ' ' ' 05 ' ' ' slightly increased, which might be caused
500 550 600 650 700 8 7 6 5 4 3 by the collapse of PNIPAm segments
Wavelength (nm) pH inside M-Man. M-Gal showed similar phe-

Figure 1. a) Normalized fluorescent intensity of M-Man at different pH. b) /5g,//555 of M-Gal
and M-Man at different pH. Excitation wavelength: 466 nm. Measurements were performed

after 30 min sonication.
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nomenon as shown in Figure S16 of the
Supporting Information. It was not sur-
prising to find that increasing temperature
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did not induce dissociation of the nanoparticles because the
temperature-induced aggregation of the PNIPAm segments
took place within the nanoparticles, which in fact was stabi-
lized by the surface-rich sugar units.

PH response of the glyco-NPs was measured by FRET
in buffer. When the solution pH was decreased slowly
from 8.0 to 3.0, the fluorescent spectra of M-Man and
M-Gal changed obviously (Figure la and Figure S17, Sup-
porting Information). The calculated FRET ratio Isg;/Is3g
from the spectra was plotted against pH in Figure 1b. An
abrupt decrease of Isg;/1535 in a pH range from 7.0 to 6.0 was
observed for both of the glyco-NPs reaching a rather low
value of 1.0, indicating dissociation of the starting glyco-
NPs. This pH-induced dissociation of the nanoparticles is
obviously fully in accordance with our previous conclusion
that the dynamic bonding breaks at pH around 6.1 Unfor-
tunately, due the low solubility of PBOB under acidic condi-
tion in DLS measurement, the corresponding data could not
be collected.

Summarizing the results of the responses to the stimuli
of the glyco-NPs, one would find that the performance of the
glyco-NPs very benefits their further study in immune appli-
cations: the stability against additional sugar and oxidant and
temperature increase as provided in physiological conditions
ensures that the particles would keep their integrity when
they are uptaken by cells; The fast and robust response of the
nanoparticles to pH is promising for them to release the pre-
loaded antigen in the low pH organelles.

2.4. Colocalization and pH-Response of Glyco-NPs in DCs

It is well known that when the model
antigen OVA is phagocytized by DCs, the
protein is digested into small peptides by
enzymes in lysosome, and then DCs will
present these antigenic peptides on cell
surface by coupling with major histocom-
patibility complex (MHC) molecules. This
process is called antigen presentation. T
cells can only recognize antigenic peptides
displayed on the surface of DCs, and then
differentiate into activated T cells. Thus
the effective antigen presentation is a key
step to cancer immunotherapy and vaccine
development. Therefore, for examining the
applicability of our glyco-NPs in the com-
plex processes, dissociation of glyco-NPs
in acidic organelles is a prerequisite for
the antigen release and presentation pro-
cess. To this goal, colocalization of glyco-
NPs in DCs was performed first, then
FRET ratio of the glyco-NPs changed in
vitro was monitored for evaluating their
possible dissociation. Both of the two
important experiments were performed
under a confocal fluorescent microscope.
Glyco-NPs were first proved with
low cytotoxicity in vitro (Figure SI18,

Early
endosome

Tracker Nanoparticles

Merge

Maghnification
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Supporting Information). Thus a typical DC cell line, DC2.4
cells were incubated with M-Man or M-Gal for 4 h at
37 °C. After removal of the unbound glyco-NPs, fluorescence
imaging of cells was carried out using confocal microscopy.
To confirm that the uptake was resulted from specific inter-
actions between sugars and receptors on cell surface, the
cells were treated with competitive inhibitors, i.e., PMan
or PGal, for 1 h prior to the incubation with the glyco-NPs.
This resulted in significant inhibition of the endocytosis
(Figure S19, Supporting Information).

As previously shown in literature,['>9 receptor-mediated
endocytosis always follows the pathway from early endo-
some to late endosome and then to lysosome. The inter-
nalization pathways of M-Man and M-Gal in DCs were
examined after endocytosis. To track this pathway, CellLight
Early Endosomes-RFP BacMam 2.0 and CellLight Late
Endosomes-RFP BacMam 2.0 for red fluorescence protein
(RFP) expression were used to specifically label early endo-
some and late endosome, respectively; while LysoTracker
Red DND-99 was used to label lysosome. In the confocal
microscopy images of M-Gal (Figure 2), colocalization of
green from the nanoparticle (first row) and red from early
endosome, late endosome or lysosome (second row), was
clearly evidenced by the yellow color in the merged images
(third and fourth row). Similarly, colocalization of M-Man
with the three acidic organelles was also observed (Figure 2).
From the dominant yellow color in the third and fourth row,
one may conclude that almost all of the glyco-NPs followed
the classical pathway and existed either in early endosome,
later endosome, or in lysosome. This of course makes the
subsequent pH-responsive dissociation of glyco-NPs in vitro
possible.

M-Gal M-Man
Late Lysosome Early Late Lysosome
endosome endosome endosome

Figure 2. Localization of M-Man and M-Gal (with only NBD group) with early endosome, late
endosome, lysosome. DC2.4 cells were incubated with M-Gal and M-Man for 4 h at 37 °C.
Confocal images of DC2.4 cells show intracellular location of nanoparticles in green, CellLight
BacMam labeling early and late endosomes and LysoTracker labeling lysosomes in red, and
merged image in yellow (scale bar in the row of nanoparticles, tracker and merge: 10 pm;
scale bar in the magnification row: 25 pum).
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Figure 3. Images of confocal fluorescent microscope for DC2.4 cells incorporated with samples REF1, M-Gal, M-Man, and REF2. First row: Color
in cells represents the FRET ratio as indicated in the bar; second row: cell images under bright field (scale bar: 10 um); third row: FRET-induced
fluorescence detected in ROI. Excitation: 488 nm, emission spectrum profile: 500-650 nm.

Measuring the FRET ratio change in vitro is not as
straightforward as that in buffer. First, we need appropriate
references to present standard FRET when they are incorpo-
rated in DCs. Herein, we designed two references. REF1, was
a stable micelle with a “constant” FRET feature. The micelle
was composed of two block copolymers (PNIPAm-co-NBD)-
b-PBob and (PNIPAm-co-RhB)-b-PBob (weight ratio: 4:1),
which share the same backbone but carrying NBD and RhB,
respectively, in the first block (structures in detail and char-
acterization are in Scheme S4 and Figure S20, Supporting
Information). Due to the hydrophilicity of the first block
and hydrophobicity of the second block, the copolymers self-
assembled into common micelles. FRET ratio of the REF1
micelle in solution was around 5.0, similar to the highest
FRET ratio of glyco-NPs. As expected, because formation
of the micelles was caused by amphiphilicity, regardless of
the dynamic covalent bonding, they showed complete sta-
bility to either temperature or pH. That is what we observed
by FRET of REF1 in buffer (Figure S21, Supporting Infor-
mation), which indicated that the measured FRET ratio of
REF1 could be regarded as a hallmark of complete chain
association of glyco-NPs in DCs. On the other hand, REF2,
formed by N-PBOB and PGal (weight ratio: 1:1) without
acceptor R-PGal can be regarded as a representative of a
totally disassociated one. To explore the performance of the
glyco-NPs in the three acidic organelles, confocal FRET anal-
ysis on the nanoparticles and the reference samples inside
DCs were carried out. DC2.4 cells were seeded on culture
dishes at a concentration of 10° cells per dish, and cultured
overnight. Then the cells were treated respectively with
M-Gal and M-Man with an original FRET ratio around 2.0
for 4 h at 37 °C. Meanwhile, the cells were treated with REF1
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and REF2 separately under the same condition. Then the
cells were washed with PBS buffer, and fixed with 4% para-
formaldehyde for 10 min. Confocal images and FRET signals
of the cells were observed under Nikon C2+ confocal micro-
scope with excitation wavelength at 488 nm.

As shown in Figure 3, the color observed in DCs directly
presented the FRET effect and meanwhile the average
FRET ratio, Isg;/I535 was calculated. REF1 gave the highest
FRET ratio (=5.0, in yellow), while those of M-Gal and
M-Man were lower than 2.0. This dramatic difference clearly
demonstrated the dissociation of glyco-NPs in DCs. How-
ever, the FRET ratio of M-Man (=1.0, in cyan) was larger
than that of M-Gal (=0.4, in blue), indicating a less degree of
dissociation for the former than the later. This is consistent to
that obtained in buffer. Moreover, the dissociation of M-Gal
is almost complete as it showed the same color as that from
REF2, which did not contain a FRET effect. And the color of
M-Man is between that of REF1 and M-Gal as a result of its
partial dissociation. The fluorescent spectroscopy (the bottom
row in Figure 3) of ROI (region of interest, the black dot in
the second row) inside DCs confirmed the FRET effect indi-
cated in color.

In short, by combining the result of colocalization and
pH-responsive property of glyco-NPs in DCs, we may con-
clude that both of glyco-NPs dissociated in DCs, which was
induced by the low pH of acidic organelles at the incubation
temperature 37 °C. To our best knowledge, the study on pre-
cise localization and characterization of stimuli-responsive
dissociation of polymeric nanoparticles through the endocytic
pathway has not been reported in literature. Dissociation of
glyco-NPs via this pathway provides valuable information for
their further application as antigen carrier.
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Figure 4. DC2.4 cells were incubated with OVA and OVA-loaded
glyco-NPs (M-Gal-OVA and M-Man-OVA) for 4 h following 10 ng mL™
IFN-y treatment. Then OVA-loaded DC2.4 cells were coincubated with
(OB4+) or without (OB4-) OB4 cells (OVA266-277 specific) for 48 h.
Supernatant was collected for IL-2 and IFN-yanalysis by ELISA. Student's
t-test. Values presented as mean + SEM. *p < 0.05, **p < 0.01.

2.5. Antigen Presentation of OVA-Loaded Glyco-NPs to T Cells

It is known that antigen presentation is a vital process of
immune system. It participates in various immune processes,
including activating T helper cell and cytotoxic T cell killing.
It is currently believed that extremely potent T-cell responses
will be required to treat diseases such as acquired immune
deficiency syndrome (AIDS) and cancer.'Yl In our study,
antigen presentation assays were performed to test the role
and efficiency of the glyco-NPs. As a model antigen, OVA
was encapsulated in glyco-NPs (encapsulation efficiency in
the Supporting Information). The responses of a T cell line,
OVA ¢4 177 specific OB4 cells were used as effecter cells,
which indicate the efficiency of OVA presentation by DCs.
DC2.4 cells were first treated with 10 ng mL™' IFN-y over-
night for full maturation. Then they were incubated with
OVA-loaded glyco-NPs for 4 h followed by washing with
PBS buffer. Afterward, the OVA-loaded DC2.4 cells were
cocultured with or without two times OB4 cells for 48 h. The
supernatant was collected for Interleukin 2 (IL-2) and Inter-
feron gamma (IFN-y) detection by enzyme-linked immu-
nosorbent assay (ELISA). As shown in Figure 4, compared
with free OVA group and the control group without OB4
cells (OB4-), OVA loaded in glyco-NPs induced a significant
increase of IL-2 and IFN-y secretion by OB4 cells, which
could be attributed to the enhanced antigen processing and
presentation. This result highlights the effective protection
as well as controllable release of glyco-NPs for the antigens,
which may contribute to the further studies on their applica-
tions in cancer immunotherapy and vaccine development.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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