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ABSTRACT: Innate immune cells recognize and respond to pathogen-associated
molecular patterns. In particular, polysaccharides found in the microbial cell wall are
potent activators of dendritic cells (DCs). Here, we report a new class of
nanocapsules, termed sugar-capsules, entirely composed of polysaccharides derived
from the microbial cell wall We show that sugar-capsules with a flexible
polysaccharide shell and a hollow core efficiently drain to lymph nodes and activate
DCs. In particular, sugar-capsules composed of mannan (Mann-capsule) carrying
mRNA (mRNA) promote strong DC activation, mRNA translation, and antigen
presentation on DCs. Mann-capsules elicit robust antigen-specific CD4+ and CD8a+
T-cell responses with antitumor efficacy in vivo. The strategy presented in this study
is generally applicable for utilizing pathogen-derived molecular patterns for vaccines

Jor DCs activation

[ Mann-capsule |
~
mannose r\f}ﬂﬂ - g

:Q glucose

and immunotherapies.

P i
T YT rocopiors pas) @  Nawve denaric cols
Y (DCs)
@ ) FPoysacchardes M. AcwateaoCs
»
® o Pathogen associated - Antigen-encoding

molecular patterns (PAMPSs) messenger RNA (MRNA)

KEYWORDS: nanoparticle, polysaccharide, mRNA, dendritic cell, vaccine

D endritic cells (DCs) are professional antigen-presenting
cells (APCs) that phagocytose, process, and present
antigens to T-cells in lymph nodes (LNs) to initiate antigen-
specific immune responses.l DCs recognize conserved micro-
bial molecular structures of pathogens, termed pathogen-
associated molecular patterns (PAMPs), via the engagement of
pattern recognition receptors (PRRs).” Recognition of
PAMP—PRR, as the first line of the host defense mechanism,
triggers the secretion of inflammatory cytokines from DCs and
coordinates the induction of adaptive immune responses
against pathogens.” Therefore, integrating the PAMP—PRR
interactions into biomaterials may allow for efficient engage-
ment of innate immune cells and induction of adaptive
immune responses.

There has been extensive effort to develop therapeutic
cancer vaccines based on peptides and proteins to induce
cytotoxic T-cell lymphocytes (CTLs) against cancer cells.””
Compared with conventional subunit vaccines, mRNA-based
vaccines offer distinct advantages:é’7 (1) they have excellent
safety profiles without the risk of insertional mutagenesis; (2)
transient intracellular mRNA expression allows repeated boost
vaccinations; (3) they are not restricted to patients’ human
leukocyte antigen (HLA) subtype; (4) they can be designed to
encode multiple epitopes as well as immunostimulatory
domain or danger signals in a single mRNA molecule, and
(5) their GMP manufacturing process is well established.
Despite these advantages, inherent biological instability and
poor pharmacokinetics of mRNA have long been major
obstacles.”® Various mRNA delivery strategies have been
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developed in the past with varying degrees of success,
including intranodal delivery of naked mRNA,” protamine-
based,'”"" cationic liposomal,"*~"* and polymeric'*"> mRNA
delivery formulations; however, it remains challenging to
achieve selective delivery of mRNA to APCs in lymphoid
organs and elicit robust CTL responses with potent antitumor
efficacy.

Microbial cell walls have distinct polysaccharides with
repeating carbohydrate units that are recognized by PRRs on
DCs, leading to potent immune stimulation.'®"’
polysaccharides have been investigated so far, including
mannan, * >’ glucan,”" and their derivatives”* for the purpose
of immune regulation, interactions with DCs,'® and vaccine
applications.”> For example, mannan (polysacharides found in
the cell wall of yeasts) and dextran (a complex branched
glucagon from bacteria) are reported to interact with various
PRRs, including C-type lectins (e.g., Dectin and Mincle), toll-
like receptors (TLRs), CD206 (lectin-like mannose receptor),
and CD209 (DC-SIGN, dendritic cell-specific intercellular
adhesion molecule 3-grabbing nonintegrin) expressed on
innate immune cells, including DCs, monocytes, and macro-
phages.”*™° While the exact mechanisms of action remain
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Figure 1. (a) Schematic illustration of synthesis of mRNA-loaded sugar-capsules. (b) TEM images of sugar-capsules before (top) and after
(bottom) removal of a core silica nanoparticle. (c) TEM images of sugar-capsules with multilayered mRNA loading at high (top) and low (bottom)
magnification. (d) Illustration of an mRNA-sugar-capsules with the weight ratio of components. (e, f) Evaluation of redox-responsive degradability
of sugar-capsules. (e¢) TEM images of Mann-capsules and (f) agarose gel image of mRNA-Mann-capsules or mRNA-PEI after DTT treatment.

unclear, recent studies have suggested that structural and
chemical compositions of polysaccharides found on a
pathogen’s surface dictate the specificity and extent of immune
activation.'” Here, we have developed nanocapsules entirely
composed of microbial polysaccharides mimicking the
structural and immunological properties of the microbial cell
wall (Figure 1a). Our synthetic sugar-capsules composed of a
mannan or dextran polysaccharide shell with a hollow core
serve as a novel nanosystem for engaging DCs, and here we
demonstrate their immunogenicity and utility as a platform for
mRNA vaccine delivery applications.

We constructed sugar-capsules on carboxylated silica
nanoparticles (siNPs, ~200 nm in diameter) employed as a
sacrificial template. Specifically, siNPs were first coated with
polyethylenimine (PEI 25 kDa) that served as a backbone for
sugar-capsules. PEI was cross-linked using a reduction-sensitive
cross-linker, dimethyl 3,3’-dithiobispropionimidate-2HCI
(DTBP), which rendered the nanocapsules with structural
robustness and intracellular degradability. Simple incubation of
PEI-siNP with mRNA led to efficient loading of mRNA. The
resulting mRNA-loaded PEI-siNPs were incubated with
polysaccharide-CHO to coat the external layer with poly-

saccharides. In particular, we constructed two classes of
PAMP-imprinted sugar-capsules using either mannan (Mann-
capsule) or dextran (Dex-capsule). After confirming the
amine—aldehyde reaction between PEI and polysaccharide-
CHO by quantification of the remaining polysaccharide-CHO
in solution (49 + 8.2% reaction yield), we removed the siNP
core by incubation with ammonium fluoride for 5 min at room
temperature (RT). The resulting hollow-core sugar-capsules
appeared as collapsed nanostructures under TEM (Figure 1b).
Compared with the 200 + 3 nm diameter of template siNP,
the hydrodynamic size of sugar-capsules slightly increased to
226 + 13 nm, and the surface charge of the template siNPs was
converted from —30 + 1 to 60 + 1 mV after PEI coating and
finally to —1 + 1 and —10 + 1 mV after coating with dextran
or mannan, respectively (Supporting Figure S1a,b). There was
no significant change in the hydrodynamic size of formulation
at each step (Supporting Figure Sla). PEI cross-linking with
DTBP did not affect the surface charge of PEI-siNP at 63 +
0.02 mV, and mRNA coating reduced the surface charge to 32
+ 0.5 mV (Supporting Figure S1b). As mRNA was deposited
by 1-3 cycles of layer-by-layer (LbL) coating with mRNA and
PEI, we observed highly efficient mRNA loading (~100%) for
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Figure 2. (a) Sugar-capsules with a hollow core efficiently drain to LNs after subcutaneous administration. (b—f) C57BL/6 mice were administered
s.c. with Mann-CyS.S formulated as native Mann, Mann-silica, or Mann-capsules. (b) Draining inguinal LNs were imaged and quantified for CyS.S
signal by IVIS at (c) 3 h postinjection or (d) over time at 3, 18, 36, and 72 h post injections. Mean fluorescence intensity (MFI) of (e) Mann-
CyS.5+ cells and (f) MFI of CD86 signal among CD11c+ DCs in inguinal LNs was measured over time by flow cytometric analysis. (g, h) CS7BL/
6 mice were administered s.c. with either Dex-capsules or Mann-capsules tagged with CyS.5 and assessed for (g) the total radiant efficiency of
CyS.S signal in the excised inguinal and axillary LNs by IVIS and (h) the number of capsule+ DCs and macrophages within inguinal LNs at 15 h
postinjection. The data show means + s.e.m. Statistical significance was calculated by (c,gh) one-way ANOVA or (d—f) two-way ANOVA,
followed by the Bonferroni multiple comparisons post-test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

each layer of coating, and mRNA remained intact after removal
of the silica-NP core by etching with ammonium fluoride
(Supporting Figures S2 and S3). The resulting sugar-capsules
maintained their undeformed spherical shape, as shown by the
TEM images, and sugar-capsules exhibited colloidal stability in
high serum as well as after freeze—thawing conditions (Figure
1c and Supporting Figure S4), suggesting that LbL deposition
of mRNA rendered the capsules rigid and stable. The final
sugar-capsule formulations were composed of polysacchar-
ide:PEL:mRNA = 80:14:6 by weight ratio, as determined by
GPC analysis and TNBSA assay (Supporting Figure SS and
Figure 1d). Upon treatment with DTT, sugar-capsules were
disrupted to debris, as shown by TEM images (Figure le),
suggesting reduction-sensitive degradation of sugar-capsules. In
addition, we confirmed efficient mRNA release from sugar-
capsules in response to DTT treatment (Figure 1f). In
contrast, the mRNA/PEI complex did not exhibit DTT-
responsive mRNA release.

Efficient lymphatic drainage is a crucial step for vaccine
delivery and elicitation of robust T-cell responses. While prior

1501

works have examined lymphatic delivery of nanoparticles based
on their size,”” >’ surface charg<e,30_32 and PEGylation,”"****
it remains relatively unknown how the ridigity of nanoparticles
affects their lymphatic drainage. Therefore, we examined
whether sugar-capsules with their hollow, flexible nanostruc-
tures would improve lymphatic delivery and accumulation in
LNs (Figure 2a). First, we prepared control NPs with similar
physicochemical properties as sugar-capsules except for
rigidity; bare silica NPs and Mann-coated siNPs (Mann-silica
with a rigid silica template core) exhibited a similar
hydrodynamic size and negative zeta potential as Mann-
capsules (Supporting Figure S6). Whereas bare silica NPs and
Mann-silica with an ~220 nm diameter failed to pass through a
200 nm pore-sized membrane, ~220 nm Mann-capsules
readily passed through 200 nm as well as 100 nm pore
membranes, and we even observed ~30% recovery after
extrusion through a S0 nm pore membrane (Supporting Figure
S7), thus showing high deformability of Mann-capsules.

We conjugated CyS.5 to Mann-capsules and confirmed their
serum stability (Supporting Figure S8). When administered s.c.
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Figure 3. (a) Schematic illustration of the engagement and activation of DCs by Mann- or Dex-capsules. (b) Expression levels of CD40 (top) and
CD86 (bottom) costimulatory signals and (c) secretion of pro-inflammatory TNF-a, IL-12p40, and IL-6 from BMDCs incubated with indicated
formulations. (d) Secretion of IL-6 was measured after incubating sugar-capsules with BMDCs in the presence of blocking antibodies against
various PRRs. (e—g) Evaluation of mRNA translation by quantifying EGFP signal after incubating BMDCs with various mEGFP formulations. We
(e) varied the number of LbL layers for Dex-capsules and (f, g) compared Dex- and Mann-capsules to control groups. (i) Confocal microscopy
images of BMDCs incubated with mEGFP-Mann-capsules. Nuclear DAPI (blue), EGFP (green), and Mann-CyS.5-capsule (pink) are shown at
various magnifications. (h) Cytotoxicity was measured after incubating BMDCs with a varying amount of mOVA-sugar-capsules. The data show
means =+ s.e.m. Statistical significance was calculated by (b—d) one-way ANOVA or (e, g) two-way ANOVA, followed by the Bonferroni multiple
comparisons post-test. *P < 0.05, **P < 0.01, ¥**P < 0.001, and ****P < 0.0001.

at the tail base, CyS5.5-Mann-capsules efficiently drained to Figure 2b,c). A significantly elevated level of Mann-capsules
inguinal LNs, showing a significantly higher fluorescence signal was detected in inguinal LNs over 72 h after s.c. administration
at 3 h, compared with native Mann or Mann-silica (P < 0.0001, (Figure 2d). In particular, CD1lc+ DCs in inguinal LNs
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Figure 4. (a) Schematic illustration of antigen presentation and cross-priming of CD8a+ T-cells mediated by mRNA-loaded sugar-capsules. (b, c)
BMDCs were incubated with mOVA formulated with either PEI, lipofectamin, Dex-capsules, or Mann-capsules, and (b) the frequency of DCs
presenting SIINFEKL-H-2K® complex with (c) the representative scatter plots are shown. (d—f) CFSE-labeled OT-I CD8a+ T-cells were cultured
with BMDCs pulsed with various mOVA formulations, and (d) CFSE dilution, (e) the representative histograms, and (f) the number of expanded
OT-1 CD8a+ T-cells were quantified by flow cytometric analyses. The data show means =+ s.e.m. Statistical significance was calculated by one-way
ANOVA, followed by the Bonferroni multiple comparisons post-test. ****P < 0.0001.

showed a strong Mann-capsule signal over 72 h (Figure 2e),
and DCs exhibited an activated phenotype with increased
expression of CD86 costimulatory ligand over 36 h in vivo
(Figure 2f). In contrast, native Mann was rapidly cleared away
with a minimal fluorescence signal in LNs, while Mann-silica
showed a slight increase in Cy5.5 fluorescence in LNs over 72
h (Figure 2d—f) with minimal expression of CD86 on DCs
(Figure 2f). Based on this, we speculate that efficient lymphatic
trafficking of Mann-capsules is mediated by both passive
transport of flexible nanocapsules and DC-mediated active
transport, while Mann-silica with a rigid core mainly reaches
LNs by active transport by peripheral DCs. In addition, we
compared the lymphatic draining of Mann-capsules and Dex-
capsules. After 15 h of s.c. administration, we observed a strong
CyS.5 fluorescence signal for both Dex- and Mann-capsules in
inguinal LNs but not in axillary LNs (Figure 2g). Interestingly,
quantification by flow cytometry revealed an increased
association of Mann-capsules among DCs, compared with
Dex-capsules (Figure 2h), potentially due to the presence of
mannose receptors on DCs.'** Correlating with these results,
we also observed preferential uptake of Mann-capsules over
Dex-capsules by bone-marrow-derived dendritic cells
(BMDCs) in vitro, whereas similar uptake of Mann- and
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Dex-capsules was observed among bone-marrow-derived
macrophages (BMDMs) (Supporting Figure S9).

Having shown efficient LN draining of sugar-capsules, we
next investigated the immunological effects on DCs using
sugar-capsules loaded with mRNA encoding a model antigen,
ovalbumin (mOVA). For comparison, CpG, a potent Toll-like
receptor 9 (TLR-9) agonist, was employed as a positive
control.** In addition, we included PEI (cationic polymer)*
and lipofectamine (cationic liposome) in our comparison, as
these are widely used gene transfection agents. First, we
examined the activation of BMDCs after incubation with
sugar-capsules carrying mRNA. Mann- and Dex-capsules were
efficiently taken up by BMDCs (Supporting Figure S10),
triggering dose-dependent upregulation of CD40 and CD86 on
BMDCs (Figure 3a,b). In contrast, BMDCs incubated with
mRNA-PEI or mRNA-lipofectamine exhibited minimal
upregulation of CD40 and CD86. Notably, Mann- and Dex-
capsules also induced stronger expression of CD40 and CD86
on BMDCs, compared with CpG (P < 0.0001, Figure 3b).
Mann- and Dex-capsules also promoted robust secretion of
TNF-a, IL-12p40, and IL-6 from BMDCs (Figure 3c). These
results show inherent immunostimulatory properties of Mann-
and Dex-capsules without the use of any exogenous adjuvant
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Figure S. Antitumor efficacy of mOVA-loaded sugar-capsules. (a) CS7BL/6 mice were inoculated with BI6GF100VA cells at the right s.c. flank on
day 0 and treated with the indicated formulations on days S, 10, and 15. (b) Tumor growth was measured over time, and splenocytes were analyzed
by ELISPOT on day 21 for (c) OVA-I-specific CD8a+ T-cells and (d) OVA-II-specific CD4 T-cells. (e—j) Tumors were analyzed by flow
cytometry on day 23. Shown are the frequency of (e) CD8a+ T-cells, (f) OVA-specific CD8a+ T-cells, and (g) their representative scatter plots.
Also, the frequency of (h) CD4+ T-cells, (i) CD86+CD1lc+ DCs, and (j) NK1.1+ natural killer cells within the tumor microenvironment. The
data show means =+ s.e.m. Statistical significance was calculated by (b) two-way ANOVA or (c—j) one-way ANOVA, followed by the Bonferroni
multiple comparisons post-test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. * and # in part b indicate statistical differences

compared with PBS and mOVA, respectively.

molecules. To delineate how Mann- and Dex-capsules
activated BMDCs, we treated BMDCs with blocking antibod-
ies against various PRRs, followed by incubation with sugar-
capsules and quantification of IL-6 release. Mann-capsule-
mediated secretion of IL-6 was significantly decreased in the
presence of blocking antibodies against Dectin-2 or TLR-4 (P
< 0.0001, Figure 3d), while Dex-capsule-mediated secretion of
IL-6 was reduced in the presence of antibodies against CD206,
CD209, or Mincle (P < 0.05, P < 0.001, and P < 0.0001,
respectively, Figure 3d). Mann-capsules, but not Dex-capsules,
activated HEK-blue TLR4 cells, but we did not observe
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activation of HEK-blue TLRY cells with either Mann- or Dex-
capsules (Supporting Figure S11). Taken all together, these
results suggest that Mann- and Dex-capsules interact with
distinct PRRs on DCs and serve as strong activators of DCs.

Next, we evaluated sugar-capsules as a platform for mRNA
transfection. We examined the translation of mRNA encoding
an enhanced green fluorescence protein (EGFP) using
BMDCs in vitro. First, we compared the mRNA transfection
efficiency of sugar-capsules coated with either one, two, or
three layers of PEI-mRNA. Interestingly, sugar-capsules with a
single layer of PEI-mRNA outperformed others with two or
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three layers of PEI-mRNA (P < 0.0001, Figure 3e(f),
presumably due to more compact LbL structures for double-
and triple-layered structures that require more time for
intracellular unpacking and processing of mRNA. Based on
these results, we performed all of the subsequent studies with
single-layered sugar-capsules. Microplate-based quantification
revealed robust translation of mEGFP by Mann-capsules, with
a 4.9-fold and 4.6-fold higher EGFP signal by day 2, compared
with PEI and lipofectamine, respectively (P < 0.0001, Figure
3g and Supporting Figure S12). Dex-capsules also induced
robust expression of EGFP, as shown by the 10-fold and 9.3-
fold improvement in EGFP signal by day 2, compared with PEI
and lipofectamine, respectively (P < 0.0001, Figure 3g and
Supporting Figure S12). Mann- and Dex-capsules did not
affect the viability of BMDC:s in all doses tested in our studies,
whereas PEI and lipofectamine induced significant dose-
dependent cytotoxicity (Figure 3h). Confocal microscopy
revealed that, within 12 h of incubation, BMDCs cultured with
mEGFP-Mann-capsules exhibited a prominent EGFP signal
colocalized with Mann-CyS.5-capsules signal in the cytoplasm,
indicating translation of mRNA near Mann-capsules (Figure
3i). These results demonstrate that sugar-capsules are a
biocompatible and effective delivery platform for mRNA.

Cancer vaccines aim to amplify CTL responses by
promoting antigen presentation via MHC-I molecules on
APCs (signal 1) and inducing costimulatory signals (signal 2)
for cross-priming of CD8a+ T-cells (Figure 4a). We
investigated whether mRNA delivered by sugar-capsules can
promote antigen translation and presentation by DCs. We
incubated BMDCs with mOVA-sugar-capsules and measured
antigen presentation using 25-D1.16 monoclonal antibody that
recognizes the complex between H-2K® and SIINFEKL, a
MHC-I minimal epitope derived from OVA. Incubation of
BMDCs with mOVA-Mann-capsules significantly improved
SIINFEKL-H-2K® presentation by 12-fold and 5.8-fold,
compared with PEI or lipofectamine, respectively (P <
0.0001, Figure 4b,c). Notably, Mann-capsules improved
antigen presentation by 1.8-fold, compared with Dex-capsules
(P < 0.0001, Figure 4b,c), potentially due to the differential
engagement of PRRs by Mann- and Dex-capsules (Figure 3d).

We next examined cross-priming of antigen-specific CD8a+
T-cells using carboxyfluorescein succinimidyl ester (CFSE)
dilution assay with SIINFEKL-specific CD8a+ T-cells from
OT-I transgenic mice (OT-I T-cells).”” BMDCs treated with
mOVA delivered via Mann- or Dex-capsules significantly
enhanced CFSE dilution and proliferation of OT-I T-cells,
compared with mOVA, OVA protein + CpG, or blank sugar-
capsules (P < 0.0001, Figure 4d—f). These results demonstrate
that sugar-capsules are efficient mRNA delivery platforms for
achieving robust antigen-specific T-cell responses.

Lastly, we evaluated the therapeutic efficacy of mRNA-sugar-
capsules in a murine model of B16F10-OVA melanoma. Mice
were inoculated s.c. with BI6F10-OVA cells on day 0, and
when the tumors were palpable on day S, animals were
vaccinated s.c. at the tail base with PBS, mOVA, mOVA-Dex-
capsules, or mOVA-Mann-capsules (Figure Sa). The animals
received boost immunizations on days 10 and 15. Mice treated
with mOVA-Mann-capsule exhibited significantly delayed
tumor growth, compared with PBS and mOVA (P < 0.0001,
Figure Sb). On the other hand, treatment with mOVA-Dex-
capsules led to an only modest reduction in tumor growth.
Compared with tumor-bearing mice treated with mOVA, mice
treated with mOVA-Mann-capsules had 4.5-fold and 4.1-fold
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higher numbers of splenic IFN-y+ CD8a+ T-cells specific to
OVA,s;_56s (OVA-I, an immunodominant CD8a+ T-cell
epitope) and IFN-y+ CD4+ T-cells specific to OVAs;_ 339
(OVA-I, an immunodominant CD4 T-cell epitope), respec-
tively (P < 0.01, Figure Sc,d). Notably, compared to mOVA-
Dex-capsules, vaccination with mOVA-Mann-capsules
achieved 4.3-fold and 10.8-fold higher numbers of antigen-
specific IFN-y+ CD8a+ and CD4+ T-cells, respectively (P <
0.01, Figure Sc,d). Importantly, vaccination with mOVA-
Mann-capsules markedly enhanced tumor infiltration of
CD8a+ T-cells (Figure Se, Supporting Figure S13), with
130-fold and 11-fold higher frequency of tetramer+CD8a+ T-
cells, compared with the mOVA and mOVA-Dex-capsules
groups, respectively (P < 0.0001, Figure Sfg). Also, mOVA-
Mann-capsules treatment significantly improved the intra-
tumoral infiltration of CD4+ T-cells, compared with mOVA
and mOVA-Dex-capsules (P < 0.05 and P < 0.01, respectively,
Figure Sh, Supporting Figure S14). Furthermore, mOVA-
Mann-capsules treatment increased the activation of intra-
tumoral DCs and tumor infiltration of NK cells, compared with
mOVA-Dex-capsules (P < 0.05, Figure Sij). These in vivo
studies show strong innate and adaptive immune responses
with antitumor efficacy supported by Mann-capsule vacci-
nation.

Interestingly, whereas Dex-capsules exhibited a high
efficiency of mEGFP translation in vitro (Figure 3e), we
observed that Mann-capsules promoted stronger antigen
presentation in vitro (Figure 4b), more efficient trafficking to
DCs in draining LNs (Figure 2g,f), and more potent elicitation
of antigen-specific CD8a+ and CD4+ T-cells with antitumor
efficacy in vivo (Figure S). While this is beyond the scope of
this initial report, we speculate that the specific interactions
between Mann-capsules and PPRs in DCs may promote
antigen processing and presentation, and we are currently
working to delineate the molecular pathways for Mann-
capsule-induced immune activation.

In summary, we have demonstrated for the first time that
microbe-inspired sugar-capsules serve as a potent delivery
platform for mRNA vaccines. By exploiting PAMP—PRR
interactions, these sugar-capsules allow for strong activation of
innate and adaptive immune responses. In particular, Mann-
capsules trigger robust antitumor immune responses and may
be utilized as a component in combination cancer
immunotherapy with immune checkpoint blockade,” which
will be the subject of our future studies. Our unique strategy of
exploiting microbial components for constructing immunosti-
mulatory materials may be generally applicable for the
development of biomaterial-based vaccines and immunothera-
pies.

B EXPERIMENTAL SECTION

Reagents and Instruments. Carboxyl-functionalized
silica nanoparticles (~237 nm in diameter) were purchased
from microparticles GmbH (Volmerstrafle 9, 12489 Berlin,
Germany). Sodium meta-periodate and dimethyl 3,3’-dithio-
bispropionimidate-2HCI (DTBP) were obtained from Ther-
mofisher Scientific (Rockford, IL, USA). Mannan from
Saccharomyces cerevisiae, triethylamine (TEA), ammonium
fluoride, and polyethylenimine (PEI) (branched, MW
25,000) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Dextran (MW ~ 40,000) was obtained from TCI
AMERICA (Portland, OR, USA). mRNA encoding EGFP and
OVA protein were from Trilink (San Diego, CA, USA). UV—

https://dx.doi.org/10.1021/acs.nanolett.9b03483
Nano Lett. 2020, 20, 1499—1509


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03483/suppl_file/nl9b03483_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03483/suppl_file/nl9b03483_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03483/suppl_file/nl9b03483_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03483/suppl_file/nl9b03483_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.9b03483?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

vis absorption and fluorescence were measured using a BioTek
synergy neo microplate reader. Transmission electron micro-
scope (TEM) images were acquired using a JEOL 1400-plus
instrument, and an atomic force microscope (AFM) was
performed using Asylum-1 MFP-3D. Hydrodynamic size and
zeta potential were measured using NanoSight NS300 and
Malvern Zetasizer Nano ZSP instruments. Flow cytometry
analyses were performed using a Ze$S instrument (Beckman
Coulter, USA), and the data were analyzed using FlowJo 10.2
software. The mRNA loading amount was analyzed using gel
permeation chromatography (GPC, Shimadzu). Confocal
microscopy images were taken with a Leica SP8 confocal
microscope. Mannan is from Saccharomyces cerevisiae.
Oxidation of Polysaccharide (Polysaccharide-CHO).
Dextran (Dex) or mannan (Mann) was oxidized to generate
aldehyde functional groups for further chemical modification.
A 0.2 mg portion of polysaccharide was dissolved in 5§ mL of
ultrapure water, mixed with S mL of 0.01 M sodium periodate
solution, and incubated for 1 h with gentle shaking at room
temperature in the dark. The reactants were purified using a
dialysis membrane (MWCO = 3000 Da, Spectrum) against
deionized water for 3 days and lyophilized by freeze-drying in
the dark for 2—3 days. The aldehyde content of poly-
saccharide-CHO was quantified using a modified hydroxyl-
amine hydrochloride method.*® The resulting polysaccharide-
CHO was stored at 4 °C in the dark until further use.
Synthesis and Characterization of Polysaccharide-
Based Nanocapsules. Carboxylated silica nanoparticles
(siNPs) (~200 nm in diameter) were used as a template to
construct a hollow polysaccharide nanocapsule. A 150 uL
portion of aqueous PEI2SK solution (10 mg/mL in ultrapure
water) was added to 15 mg of carboxylated siNP in ultrapure
water (900 uL), followed by vigorous vortexing for 10 min to
introduce a positive charge on the surface of carboxylated siNP
(PEL-siNP). PEL-siNP was purified three times using ultra-
centrifugation for 2 min at 18,500 rpm. PEI-siNP was then
chemically cross-linked with dimethyl 3,3’-dithiobispropioni-
midate-2HCI (DTBP) cross-linker (0.5 mg in 1 mL of 0.1 M
TEA buffer at pH 8) for 1 h at room temperature, followed by
three rounds of purifications with ultrapure water. The PEI
content was analyzed using 2,4,6-trinitrobenzenesulfonic acid
(TNBSA, ThermoFisher) solution by quantifying primary
amine groups per PEL. For mRNA loading, mRNA (100 pL,
500 ug/mL) was added to cross-linked-PEI-siNP solution (900
uL, 15 mg), incubated for 10 min with vigorous vortexing, and
purified twice with ultrapure water. Loading of mRNA was
analyzed by agarose gel electrophoresis (15%, 100 V, 20 min)
and GPC equipped with a TSKgel G3000SWxl column (7.8
mm ID X 300 mm, Tosoh Bioscience LLC). Polysaccharide-
CHO (1000 pL, 2 mg/mL) was chemically introduced into the
outermost surface of PEI-siNPs in ultrapure water for 12 h at
room temperature by amine—aldehyde reaction between PEI
and polysaccharide-CHO (polysaccharide-siNP). The siNP
core of polysaccharide-siNP was removed by ammonium
fluoride for S min at room temperature and washed three times
with ultrapure water, followed by PBS twice to produce hollow
sugar-capsules. For physicochemical characterizations of sugar-
capsules, TEM and AFM were performed. Sugar-capsules were
stored at 4 °C until further use. The endotoxin level for each in
vivo dose of sugar-capsule and polysaccharide was measured to
be less than 0.05 EU/mg/dose, as determined by the LAL
Chromogenic Endotoxin Quantitation Kit (Pierce).
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DLS and Extrusion. The hydrodynamic size and zeta
potential of nanoparticles were measured using a Malvern
Zetasizer Nano ZS after diluting samples in deionized water.
Extrusion was performed by passing samples through a filter
membrane of 200, 100, or 50 nm pore size using a Mini
Extruder (Avanti polar lipid). After 13 times of extrusion to the
alternating syringes at room temperature, the recovery of
samples was quantified by UV—vis spectrometry.

Serum Stability of Cy5.5 Conjugates. Mann-CyS.5 or
Mann-CyS.5-capsule were diluted in PBS supplemented with
10% FBS or 50% FBS and incubated at 37 °C in the dark.
Release of Cy5.5 was quantified at the indicated time points by
separating free CyS.5 using Amicon ultra centrifugal filters with
a Mw cutoff of 3 kDa (MilliporeSigma), followed by
fluorescence measurement.

BMDC Uptake, Cytotoxicity, and mRNA Transfection.
Bone-marrow-derived dendritic cells (BMDCs) were prepared
according to the literature.” Briefly, cells were aseptically
isolated from femurs and tibia of CS7BL/6 mice and cultured
in complete DC media comprised of RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum (FBS, Corning),
1% penicillin/streptomycin (Gibco), S5 #uM f-mercaptoetha-
nol (Gibco), and 20 ng/mL granulocyte—macrophage colony-
stimulating factor (GM-CSF, Genscript) at 37 °C with 5%
CO,. Fresh media was added on day 3, and all media was
renewed on days 6 and 8. The cultured BMDCs were used
between days 7 and 12. For NP dose- and time-dependent
uptake study, immature BMDCs in complete DC media were
plated and cultured overnight at 105 cells per well in a 96-well
plate and treated with the varying concentrations of
formulations for the indicated duration. BMDCs were then
harvested with cell dissociation reagent (StemPro Accutase,
Gibco) and washed twice with cold PBS. BMDCs were
incubated with anti-CD16/32 Fcy blocking antibody (eBio-
science) for 10 min and stained with anti-CD11c antibody
(Biolegend) for 30 min at room temperature. The cells were
washed twice with FACS buffer (1% BSA in PBS) and
dispersed in FACS buffer with DAPI (300 nM) for flow
cytometry analysis. For cytotoxicity study, after 24 h
incubation with NPs, viable BMDCs were quantified by cell
counting kit (CCK)-8 (Dojindo Molecular Technologies)
according to the manufacturer’s instructions. For mRNA
transfection study, S-methoxyuridine modified mRNA encod-
ing EGFP (EGFP-mRNA) was loaded into sugar-capsules as
well as Lipofectamine 2000 (ThermoFisher Scientific) and
BPEI as control groups. All other procedures are the same as
the uptake study. For intracellular visualization of mRNA
translation using a confocal microscope, S X 10° BMDCs
seeded on the coverslip-bottom 12-well plate were treated with
CyS5.5-labeled sugar-capsules loaded with EGFP-mRNA for 12
h. BMDCs were washed three times with cold PBS, stained
with DAPI in PBS (300 nM), and fixed with 4% formaldehyde
for 30 min. After mounting coverslips with a mounting media
(Vector Laboratories), cells were imaged by a confocal
microscope.

Incubation with HEK-Blue TLR Cells. HEK-blue TLR4
and TLRO cells were obtained from Invivogen and maintained
according to the manufacturer’s instruction. Cells were
incubated with 25 pug/mL samples in HEK-Blue Detection
medium. LPS (1 pg/mL) and CpG (10 pg/mL) were
employed as positive controls TLR4 and TLRY, respectively.
The activation of TLR cells was quantified after 8 h by
absorbance reading at 650 nm with correction of the sample
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effect by subtracting the absorbance of samples without TLR
cells.

BMDC Activation and Antigen Presentation and
Cross-Priming. BMDCs in complete DC media were plated
at 10° cells per well in a 96-well plate. After overnight
incubation, BMDCs were treated with various NP formulations
or control groups, including soluble OVA-mRNA (1 pug/well)
and CpG (1 uM, Integrated DNA technologies). Supernatants
were collected and analyzed for cytokines, including IL-12p70,
TNF-q, and IL-6. BMDCs were then harvested and incubated
with anti-CD16/32 blocking antibody at room temperature for
10 min, and stained at room temperature for 30 min with
fluorophore-labeled antibodies against CD1lc (Biolegend),
CD40 (e-bioscience), CD86 (eBioscience), and MHCII
(Biolegend) or antimouse SIINFEKL/H-2Kb monoclonal
antibody 25-D1.16 (eBioscience) for antigen presentation.
Cells were analyzed by flow cytometry analysis.

T-Cell Expansion. To assess cross-priming of T-cells by
OVA-mRNA loaded sugar-capsule (mOVA-sugar-capsule), 10°
BMDCs in 96-well plates were pulsed with mOVA-sugar-
capsule or control groups, including OVA protein (250 ug/
mL)/CpG (S ug/mL) and soluble mOVA (S pg/mL) for 4 or
24 h. BMDCs were washed three times with PBS to remove
free NPs. Spleens were harvested from OT-I and OT-II
transgenic mice, and CD8a+ and CD4+ T-cells were isolated
using a negative selection kit (Stemcell Technology),
respectively. After labeling them with carboxyfluorescein
succinimidyl ester (CFSE, 0.1 uM, 2 X 10° cells/mL, 10 min
in RPMI), T-cells were washed and transferred to the BMDC-
containing 96-wells. After 3 days of coculture, T-cells were
harvested and stained with anti-CD8a (eBioscience) for flow
cytometry analysis.

Pattern Recognition Receptor Inhibition Study with
Blocking Antibodies (ELISA and Multiplex). 2 x 10°
BMDCs in complete DC media were seeded on a 24-well
plate overnight. Each PRR receptor on the BMDC surface was
blocked by the corresponding blocking antibody for 30 min at
a final concentration of 2 ug/mL against Dectin-1, Dectin-2,
CD206, CD209 (DC-SIGN), Mincle, TLR-2, and TLR-4
receptors, followed by NP treatment. All PRR blocking
antibodies were from Invivogen. A phagocytosis inhibitor,
Latrunculin (Invitrogen), was also included for some groups.
After 24 h of incubation, supernatants were collected for
cytokine analysis by ELISA (R&D system) or Luminex
multiflex assays (Luminex MAGPIX).

Lymphatic Draining Efficacy. C57BL/6 mice were
subcutaneously administered at the tail base with native-
Mann, silica-Mann, and Mann-capsule. The CyS.S fluorescence
intensity of the three formulations was quantified and
normalized before injection using a microplate reader with
Ex = 650 and Em = 665 nm. Inguinal LNs were harvested and
imaged using IVIS to quantify CyS.S fluorescence signals. LNs
were homogenized by pestle motor (Argos Technologies) and
treated with collagenase type IV (1 mg/mL) and DNase I (100
U/mL) at 37 °C for 30 min with gentle shaking to prepare
single-cell suspensions. LN cells were filtered through a 40 ym
cell strainer, washed twice, and stained by fluorophore-labeled
antibodies for flow cytometry analysis. DCs were identified by
antibodies against MHC-II (Biolegend) and CDllc (Biol-
egend), and their activation was examined using antibodies
against CD80 (BD Biosciences) and CD86 (BD Biosciences).

Animal Experiments. Animals were cared for following
the federal, state, and local guidelines. All work performed on

1507

animals was in accordance with and approved by the
Institutional Animal Care and Use Committee (IACUC) at
the University of Michigan, Ann Arbor. Female C57BL/6 (5—
6 weeks) were purchased from Envigo (USA). For the mRNA
vaccination study, C57BL/6 mice were subcutaneously
injected with 2 X 10° BI6F10-OVA cells per mouse at the
right flank on day 0 and immunized on days 7, 12, and 17 with
mOVA (10 ug), mOVA-Dex-capsule (10 ug mRNA, 1000 pg
Dex-capsule in 100 uL of PBS), and mOVA-Mann-capsule (10
ug mOVA, 1000 yg Mann-capsule in 100 uL of PBS). Tumor
growth was measured two to three times a week, and the
tumor volume was calculated by the ellipsoidal calculation as V
= (width)? X length X 0.52. Animals were euthanized when
individual tumor masses reached 1.5 cm in diameter or when
animals became moribund.

Tetramer Staining and ELISPOT. For analysis of tumor-
antigen-specific CD8a+ T-cells in the systemic circulation,
submandibular bleeding was performed at indicated time
points. Red blood cells in PBMCs were lysed with ACK lysis
buffer twice at room temperature, followed by two washing
steps with FACS buffer. PBMCs were blocked with CD16/32
antibody for 10 min and then stained with H-2K® OVA
tetramer-SINNFEKL (MBL International) and anti-CD8«a
(BD Biosciences) for flow cytometry analysis. ELISPOT
assay was performed with splenocytes from immunized mice.
Splenocytes were harvested aseptically, processed into a single-
cell suspension, and plated with 5 X 10° splenocytes per well in
96-well PVDF plates (EMD Millipore) precoated with IFN-y
antibody (R&D Systems) overnight. Splenocytes were then
restimulated with antigen peptides (2 pg/mL) or controls for
24 h. Assays were completed using sequential incubations with
biotinylated-secondary antibody, streptavidin alkaline phos-
phatase (Sigma Chemical), and NBT/BCIP substrate (Sur-
modics). Developed spots were analyzed using an AID iSpot
Reader (Autoimmun Diagnostika GmbH, Germany).

Tumor Microenvironment Analysis. Tumors excised on
day 26 after injection were homogenized using pestle motor
and treated with collagenase type IV (1 mg/mL) and DNase I
(100 U/mL) in serum-free RPMI for 30 min at 37 °C with
gentle shaking. The cell suspension was passed through a cell
strainer (70 ym) and washed with FACS buffer twice. Cells
were then incubated with CD16/32 blocking antibody at 1:20
dilution for 10 min and then stained with antibodies for 30 min
at room temperature against CD8, CD4, and NK cells. For the
staining of CD8 T-cells, CD4S-FITC (eBiosciene), H-2K®
OVA tetramer-SIINFEKL-PE (MBL International), CD8a-
APC (BD Bioscience), and CD3-PE-CY7 (Biolegend) were
used. For CD4 T-cells, CD4S5-FITC (eBiosciene), CD4-APC
(eBioscience), CD3-PE-CY7 (Biolegend) were used, and for
DCs, CD4S-FITC (eBiosciene), CD11c-PE (Biolegend), and
CD86-PE-CY7 (BD Bioscience) were used. For NK cell
staining, CD4S-FITC (eBiosciene), NK1.1-PE (eBioscience),
and CD3-PE-CY7 (Biolegend) were used. In all flow
cytometric analyses, antibodies were used at 1:100 dilution,
and only DAPI negative live cells were gated out and analyzed.

Immunofluorescence Staining. Tumors were collected,
and frozen sections were prepared at 7 pm thickness by
cryostat sectioning. After fixing in cooled acetone for 10 min
and blocking with 10% goat serum, the sections were
incubated with primary antibodies against CD4 (Thermo-
Fisher #PAS-87425) and CD8 (ThermoFisher #14-0081-82)
overnight at 4 °C, followed by incubation with AF488- and
AF647-conjugated secondary antibodies for 1h at room
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temperature (ThermoFisher #A32731 and #A21247 for CD4
and CDS, respectively). After staining with DAPI for another
10 min, the sections were mounted with coverslips using a
prolong diamond mounting medium for observation under
confocal microscopy (Nikon A1Rsi Confocal Microscope).
Statistical Analysis. For animal studies, mice were
randomized to match the similar average volume of the
primary tumors before the initiation of any treatments. All
procedures were performed in a nonblinded fashion. Statistical
analysis was performed with Prism 6.0 software (GraphPad
Software) by one-way or two-way ANOVA with Bonferroni
multiple comparisons post-test. The statistical significance for
the survival curve was calculated by the log-rank test. Data
were approximately normally distributed, and variance was
similar between the groups. Statistical significance is indicated
as *P < 0.0, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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