Volume 13
Number 29

7 August 2022
Pages 8447-8706

Chemical
cience

rsc.li/chemical-science

7

.
®
| [

ﬁ

i

i

1
T ‘
N

1 )

ISSN 2041-6539

EDGE ARTICLE
‘ ROYAL SOCIETY Chengzhong Yu et al.

Mesoporous sodium four-coordinate aluminosilicate

“ O F CH EMISTRY nanoparticles modulate dendritic cell pyroptosis and

activate innate and adaptive immunity



Open Access Article. Published on 20 July 2022. Downloaded on 3/16/2026 11:31:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 8507

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

immunityT

Jie Tang,1® Yang Yang,{? Jingjing Qu,? Wenhuang Ban,® Hao Song,

I ROYAL SOCIETY
PPN OF CHEMISTRY

Mesoporous sodium four-coordinate
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Pyroptosis is a programmed cell death widely studied in cancer cells for tumour inhibition, but rarely in

dendritic cell (DC) activation for vaccine development. Here, we report the synthesis of sodium stabilized

mesoporous aluminosilicate nanoparticles as DC pyroptosis modulators and antigen carriers. By surface

modification of sodium-stabilized four-coordinate aluminium species on dendritic mesoporous silica
nanoparticles, the resultant Na-'YAI-DMSN significantly activated DC through caspase-1 dependent

pyroptosis via pH responsive intracellular ion exchange. The released proinflammatory cellular contents
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further mediated DC hyperactivation with prolonged cytokine release. In vivo studies showed that

Na-"YAl-DMSN induced enhanced cellular immunity mediated by natural killer (NK) cells, cytotoxic T

DOI: 10.1039/d1sc05319a
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Introduction

Pyroptosis is a programmed cell death triggered by caspase-1
after its activation by various pathological stimuli.' Recent
studies have mainly focused on pyroptosis in tumor cells for
cancer therapy,”” such as using chemodrugs and metal-doped
nanoparticles to generate reactive oxygen species (ROS).*™*°
During pyroptosis, danger-associated molecular patterns and
proinflammatory cytokines such as interleukin-1 beta (IL-1B)
and interleukin-18 (IL-18) are released, provoking a potent
inflammatory response.'** A similar process is also reported in
lytic dendritic cells (DCs), resulting in hyperactive DCs with
prolonged IL-1f secretion and enhanced T-cell responses.**™*®
As one important group of antigen-presenting cells,* DCs act as
the body's first line of defence against invading pathogens.
Upon pathogen infection, DCs undergo pyroptosis, which
further recruits other immune cells like natural killer (NK) cells
to directly fight against infectious pathogens or induce adaptive
immune responses. The pyroptosis process comes with the cost
of sacrificing a portion of DCs, but also with the benefits of
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cells, and memory T cells as well as humoral immune response. Our results provide a new principle for
the design of next-generation nanoadjuvants for vaccine applications.

activation of bystander DCs as compensation. Activated DCs
secrete cytokines and present antigens to prime T cell responses
against tumor or invading pathogens, thus bridging innate and
adaptive immunity.>*** Various strategies such as nano-
adjuvants,”®?* agonists,” monoclonal antibodies,*® and cyto-
kines*” have been used to activate DCs.?**° However, to the best
of our knowledge, there are few reports using DC pyroptosis to
stimulate the immune system in the design of cancer vaccines.

Sodium stabilized aluminosilicates with tetrahedral
aluminum species (e.g NaY and Na-ZSM-5) are a family of solid
base catalysts with wide application in petrochemical cracking,
water treatment, and removal of acidic gas molecules,*** but are
rarely used as vaccine adjuvants. Very recently, we reported
mesoporous aluminosilicate nanoparticles modified with six-
coordinate Y'AI-OH species (H-""AI-DMSNs) as adjuvants with
endosomal escape performance and cellular immunity.* This
design, however, is not capable of intracellular ion perturbation
(e.g. Na'" and K"), which is a major cellular stress signal for the
activation of inflammasome signalling that results in caspase-1
mediated pyroptosis.*® A recent study showed that NaCl nano-
particles cause intracellular osmotic stress and Na/K imbalance,
activating caspase-1-dependent pyroptosis in cancer cells.® It is
also noted that conventional sodium stabilized aluminosilicates
with micropores (pore size < 2 nm) can hardly be used as antigen
carriers, and large mesopores are essential. Thus, the potential of
the above materials in DC modulation and as antigen carriers in
vaccine applications has not been reported.*-*
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Scheme 1 Proposed mechanisms for Na-'"YAl-DMSN induced DC pyropotosis and hyperactivation for enhanced innate immunity and adaptive

immunity for tumor prophylaxis.

In this work, we report the synthesis of sodium-stabilized
dendritic mesoporous aluminosilicate nanoparticles with
four-coordinate aluminium species (Na-"VAI-DMSN) as nano-
adjuvants for DC pyroptosis and hyperactivation. The designed
Na-"YAI-DMSN provides not only large mesopores (~30 nm) for
antigen loading, but also basic sites as proton “sponges” for H"
exchange and Na' sources in a pH-responsive manner (Scheme
1). After internalization of Na-AI-DMSN by DCs, H'/Na*
exchange occurs in acidic lysosomes, leading to lysosome
rupture, intracellular Na' increase/K' efflux, and caspase-1
dependent pyroptosis. The released cytokines including IL-18,
IL-18, and cellular contents from pyroptotic DCs mediate the
hyperactivation of bystander DCs, which recruit NK cells and T
cells, enhancing both adaptive cellular immunity and innate
immunity for cancer treatment. The design of Na-"VAl-DMSN,
the use of mesoporous aluminosilicates as DC modulators
and the underlying activation mechanism are rarely reported,
providing new understandings and material design principles
for vaccine applications.

Results and discussion

Pure dendritic mesoporous silica nanospheres (DMSNs) were
synthesized using an anion-assisted approach®”*® (Fig. S17), and
then used as substrates to prepare Na-""AI-DMSN in an aqueous
sodium aluminate solution (see the Experimental section).
Transmission electron microscopy (TEM) images indicate that
Na-"YAI-DMSN has a uniform particle size of ~240 nm and
typical centre-radial mesoporous channels (Fig. 1A and B),

8508 | Chem. Sci, 2022, 13, 8507-8517

similar to bare DMSNs. The scanning electron microscopy
(SEM) image in Fig. 1C shows open mesopores with large pore
sizes of tens of nanometres and a wall thickness of ~8 nm,
suggesting that the mesopores of DMSNs were not blocked
during the post-modification process. The energy-dispersive X-
ray spectroscopy (EDS) elemental mapping images (Fig. 1D)
indicate that the Si, O, Na, and Al elements are uniformly
distributed in Na-"VAI-DMSN.

To demonstrate the unique structure and function of
Na-"YAI-DMSN, H-"VAI-DMSN,* and Alhydrogel (a commercial
adjuvant) were used as controls. H-"VAI-DMSN exhibits a similar
dendritic morphology to Na-"VAI-DMSN (Fig. S2A-Ct), except
that there is no sodium in the silica framework (Fig. S2D-Gf).
The composition was quantified by inductively coupled plasma-
optical emission spectroscopy (ICP-OES), showing 3.1% Al and
3.0% Na in Na-"VAI-DMSN (Si/Al/Na ratio is 13.9/1/1.03) and
2.9% Al in H-"VAI-DMSN (Si/Al ratio is 14.9/1). DMSNs, Na-"VAl-
DMSN, and H-VAI-DMSN exhibit similar particle sizes of
~220 nm (Fig. S3 and Table S1). Moreover, Na-"VAI-DMSN and
H-"YAI-DMSN are well-dispersed in various media (Table S17),
unlike Alhydrogel.*** Na-"VAI-DMSN and H-"AI-DMSN show
comparable specific areas (360-380 m> g~ ), pore volume (1.58-
1.60 cm® g~ '), and pore sizes (~30 nm).

Na-"VAI-DMSN shows an amorphous nature as evidenced by
the X-ray diffraction (XRD) pattern (Fig. 1E), similar to H-"VAl-
DMSN and DMSNs (Fig. S41). Compared to pure NaAlO, and
the physical mixture of DMSN + NaAlO,, no characteristic peaks
of NaAlO, were found in the XRD pattern of Na-"AI-DMSN,
suggesting that NaAlO, reacted with silica during the post-

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc05319a

Open Access Article. Published on 20 July 2022. Downloaded on 3/16/2026 11:31:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

1026ev SI2p

==

~Al
1 \_Na-"ALDMSN

ENa-" Al-DMSN

E ‘ 1 F -6.5 ppm
Na-“Al-DMSN| [
:: ] Na-"ALDMSN
S | L 1.8 ppm
,_/J MSN+NaAlO3
2
s NaAlO,
=l NaAlO, ] 71 ppm
—
Alhydrogel [ Nacl

102.7 eV 4
FH-" .\l-l)}lm

103.9 ¢V

T
y -
i
'\ H-VALDMSN

: i Al
Alhydrogel A ®

Intensity (a.u.)

F DMSN

10 20 30 40 50 60 70

T T T T T T T T
100 80 60 40 20 0 -20 -40 -60 -80-100

120 100 80 60 40 20 0 -20 40 08 106 104 102 100 98

20/°) Chemical Shift (ppm) Chemial Shift (ppm) Binding Energy (¢V)
Basic sites
[ J7_5 = DMSN K L Al L 100
~t+Z i mm Alhydrogel VAl -
ilg o T2 = HVALDMSN | prI-s.0/ : £ 50
g[8 z 2 68 = NaVALDMSN i g =
-] Z | Z 64 : g 60
2 < P C = L i H <
& [z a o ' ]
S |5y f : = 60 pH-6.0_/ H & 4o
21z & Z| % s6 L : 3
< R z 3 H
Vi - 5.2 sHiFG / \ ; § 20 B
P N\ 48 — i I 0
300 350 400 450 500 550 600 650 74 6.0 5.0 Y AP T g S 74 65 60 55 50 45

Original pH in 1X PBS

Wavelength (nm)

Chemial Shift (ppm)

Fig. 1 Characterization of Na-'YAl-DMSN. (A and B) TEM, (C) SEM and (D) EDS mapping (O, Si, Al and Na) images of Na-'"YAl-DMSN. (E) XRD
patterns of Na-'VAI-DMSN, DMSN + NaAlO,, NaAlO,, and Alhydrogel. (F) 2Na MAS NMR results of Na-'YAl-DMSN, NaAlO,, and NaCl. (G) 27Al
MAS NMR results of Na-"VAl-DMSN, H-"YAl-DMSN, and Alhydrogel. (H) High-resolution XPS analysis (Si2p) of Na-'YAl-DMSN in comparison with

H-"VAI-DMSN and DMSNSs. (1) UV-vis absorption spectra of the methyl red

solution incubated with Na-'YAI-DMSN and H-'VAI-DMSN (inset: digital

photos). (J) The pH change of PBS with an initial pH of 7.4, 6.0, and 5.0 treated with Na-"YAl-DMSN, H-"YAI-DMSN, DMSN, and Alhydrogel. (K) The

27Al MAS NMR results of Na-'"YAl-DMSN after being treated with PBS with
DMSN in PBS with a pH of 7.4, 6.0, and 5.0.

modification process. The chemical structure was characterized
by magic-angle spinning (MAS) nuclear magnetic resonance
(NMR). As shown in >*Na MAS NMR (Fig. 1F), the chemical shift
(—6.5 ppm) of Na-"VAI-DMSN is similar to that of zeolite NaX/
NaY, indicating that Na* in Na-"VAI-DMSN interacts with the
negatively charged O atom connected to Si and VAl (Si-O-"VAl,
see Scheme 1),"* unlike NaAlO, and NaCl. 27Al MAS NMR
studies (Fig. 1G) indicate the presence of only tetrahedral
aluminum in Na-"VAI-DMSN, evidenced by the chemical shift of
Al from 75 ppm (Al(OAl),) in pure NaAlO, (Fig. S5t) to 53 ppm
(Al(0Si),) in Na-"VAI-DMSN. H-"VAI-DMSN exhibits a similar
chemical environment of Al to Na-"YA-DMSN, while Alhydrogel
with a boehmite phase (evidenced by XRD, Fig. 1E) shows
a typical octahedral structure of Al (centered at 7 ppm). The Si-
0-Al bond formation in both H/Na-"VAI-DMSN can be supported
by the change in Si2p binding energy compared to DMSNs
(Fig. 1H).

In classical crystalline aluminosilicates such as zeolite NayY,
the sodium-stabilized Si-O-"VAl species have been identified as
the basic sites.** Qualitative measurement of the acid-base
properties was performed by incubating samples in methyl red
solution (Fig. 1I). Na-"VAI-DMSN exhibits basicity as evidenced

© 2022 The Author(s). Published by the Royal Society of Chemistry

apH of 7.4, 6.0 and 5.0. (L) The sodium release percentage of Na-'"Al-

by the UV-vis absorbance peak centering at 435 nm (yellow
color, inset of Fig. 11). In contrast, H-"VAI-DMSN exhibits acidity,
reflected by the peak at 530 nm (red color). The basicity of
Na-"VAI-DMSN leads to H'/Na" exchange behavior (Fig. S6t),
more obviously at pH 5 than at pH 6 or 7.4 (Fig. 1]). Conse-
quently, the formation of a portion of octahedral aluminum YAl
species (chemical shift at 0-3 ppm) and the occurrence of "VAl
with higher chemical shifts (from 53 to 59 and 63 ppm when pH
increased from 7.4 to 6.0 and 5.0) were observed in a pH
dependent manner (Fig. 1K), indicating further hydrolysis and
loss of silicate species from the proton-stabilized tetrahedral
aluminum sites (Fig. S61).* This mechanism is further sup-
ported by the increased Na' released percentage with decreased
pH (Fig. 1L). The above results have demonstrated that Na-"VAl-
DMSN provides not only large mesopores, but also Lewis basic
sites (Scheme 1) for proton exchange and as sodium sources in
a pH-responsive manner (pH range of 7.4-5.0). Such a combi-
nation is rarely reported to the best of our knowledge.

With a unique structure, the potential of Na-"VAI-DMSN as an
antigen delivery vehicle and adjuvant was firstly studied. As
shown in Fig. S7A,f when ovalbumin (OVA) was chosen as
a model antigen, DMSNs, H-"VAI-DMSN, and Na-"YAl-DMSN

Chem. Sci., 2022, 13, 8507-8517 | 8509
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exhibited a similar loading capacity of 254-290 mg g~ * without
a significant difference, lower than that of Alhydrogel (446 mg
g™ "). The OVA release profile was also determined. Less than
40% of the entrapped OVA was released from all the particles
over 72 h (Fig. S7BY), showing a more sustained release profile
compared to Alhydrogel. To monitor the antigen delivery
performance of DMSNs, Na-VAI-DMSN, H-VAI-DMSN, and
Alhydrogel into DC 2.4 cells, fluorescein isothiocyanate (FITC,
a dye with green fluorescence) conjugated OVA (FITC-OVA) and
flow cytometry were used. The results showed that all three
DMSN-based formulations (Na-"VAI-DMSN, H-"VAI-DMSN, and
DMSNs) significantly enhanced the uptake of FITC-OVA by DCs
compared with FITC-OVA (Fig. S7C and D¥). However, Alhy-
drogel showed higher mean fluorescence intensity of FITC-OVA
compared to DMSN-based groups, presumably due to its high
positive charge (Table S17).

The cytotoxicity of DMSNs, H-"AI-DMSN, Na-"VAl-DMSN and
Anhydrogel was tested against a panel of cell lines by cellular
metabolic activity assay. It was found that Na-"VAI-DMSN
showed high biocompatibility to Raw 264.7 (macrophages)
and CT26 cancer cells up to 150 ug mL ™', but a dose-dependent
toxicity to DC2.4 cells from 20 pg mL ™" (Fig. 2A). To understand
this cell-type dependent cytotoxicity of Na-"YAI-DMSN, the

View Article Online

Edge Article

cellular uptake of Na-"VAI-DMSN in DCs, Raw264.7, and CT26
cells was investigated. After incubation for 24 h, the intracel-
lular Si contents determined by ICP-OES showed no significant
difference in these cells (Fig. S8AT), suggesting that the selective
cytotoxicity of Na-"VAI-DMSN to DCs may not come from the
selective internalization in DCs. Moreover, at the same dosage,
Alhydrogel, DMSNs, and H-"VAI-DMSN were less toxic to DCs
compared to Na-"VAI-DMSN (Fig. $8Bt). The DC selective cyto-
toxicity of Na-"VAI-DMSN is interesting, which is possibly asso-
ciated with ion channels and intracellular ion perturbation.*®
Immature DCs highly express Nay1.7, a voltage-gated sodium
channel on the endosomal membrane, which is responsible for
sensing pH changes and maintaining the membrane poten-
tial.*”** Thus, compared to other control samples, the inter-
nalized Na-YAI-DMSN with pH-dependent sodium release
properties is more sensitive to DCs other than RAW 264.7 and
CT26 cells.

To support our hypothesis, ICP-OES was conducted. A
consistent increase of intracellular [Na'] in DCs was observed
when incubated with Na-"VAI-DMSN for 12 h (Fig. 2B), signifi-
cantly different from other groups. A decrease in intracellular
[K"] was also observed after 6 h incubation with Na-"VAI-DMSN
compared with other control groups (Fig. 2C), possibly as
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Fig.2 Na-'YAl-DMSN induced cytosolic perturbations. (A) Cell line-dependent cytotoxicity measured by MTT assays. Intracellular (B) sodium and
(C) potassium concentration changes at different time points. Intracellular (D) ROS, (E) mitochondrial stress levels and (F) cathepsin B release after
6 h incubation of Alhydrogel, DMSN, H-"VAI-DMSN, and Na-'YAl-DMSN with DC2.4 cells. PBS treated cells were studied as controls. The CLSM
images of (G) MitoSox (red, representing mitochondrial ROS) and (H) Magic Red (representing cathepsin B) stained DCs. Blue, DAPI (nucleus).
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a result of K" efflux in response to the increased [Na'] and
cytosol osmolarity. It was reported that for activated DCs, Na,1.7
was downregulated whereas K,1.3 (a K" channel) was upregu-
lated.*® The inward shift of K" from 6 to 12 h is possibly due to
the Na'K"-ATPase pump and upregulated K,1.3, which shuffle
Na' extracellularly and transfer K' intracellularly to maintain
osmotic equilibrium and membrane potential.*

Studies have shown that a decrease in intracellular [K'] is an
essential trigger for inflammasome activation in immune cells
such as DCs,* in addition to other stress induced by ROS,
mitochondrion dysfunction, lysosome disruption, etc.’*-* These
signalling messengers in DCs were also measured. As shown in
Fig. 2D, Na-"VAI-DMSN generated the highest level of ROS
among all the treated groups. Moreover, Na-"VAI-DMSN
promoted a ~2-fold increase in mitochondrial-specific stress
(indicated by MitoSox fluorescence) compared to DMSN, H-"VAl-
DMSN, and Alhydrogel (Fig. 2E and G). This is because mito-
chondria are sensitive to cytosol osmolarity changes.** In
addition, the release of lysosomal cathepsin B is an indicator of
lysosome disruption.®® Na-"VAI-DMSN induced the highest
cathepsin B level as shown in Fig. 2H (quantified results in
Fig. 2F), indicating that Na-VAI-DMSN with H'/Na* exchange
properties can induce lysosome rupture.

Previous studies showed that decreases in intracellular [K'],
mitochondrial dysfunction, and cytosolic release of cathepsin-B
induced inflammasome and caspase-1 activation.***® Hence, it
is reasonable to infer that Na-"VAI-DMSN could also activate DCs
and possibly caspase-1 mediated pyroptosis.”” We validated this
hypothesis by measuring cleaved caspase 1, IL-1B, and IL-18
release from DCs. As shown in Fig. 3A, Na-"VAI-DMSN treat-
ment led to significantly increased caspase-1 activity (FAM-
FLICA staining, a caspase-1-specific marker) compared to the
control. The inefficiency of Alhydrogel in caspase-1 activation in
DCs in the absence of toll-like receptor (TLR) agonists is
consistent with a literature report.>®

Pyroptosis is dependent on caspase-1 activation and causes
pore formation on the cell membrane.*” To investigate whether
Gasdermin-D (GSDMD), a recently identified mediator of
pyroptosis, mediates the pore formation directly, we examined
the expression of the cleaved GSDMD in DC2.4 cells after being
incubated with different formulations by the western blot. As
shown in Fig. 3B, cleaved GSDMD expression was significantly
higher in Na-"VAI-DMSN treated DCs compared to PBS, H-"VAI-
DMSN or Alhydrogel groups. This observation is in accor-
dance with the higher activation of caspase-1 in Na-"VAI-DMSN
treated DCs (Fig. 3A), as GSDMD was cleaved by caspase-1 in
inflammasomes, and the proteolytic cleavage of GSDMD
mediates pyroptosis and IL-1 secretion.* The cleaved GSDMD
expression in Na-"VAI-DMSN treated DCs was even higher than
that after LPS + nigericin treatment (positive control). Interest-
ingly, we found that there is no significant difference in cleaved
GSDMD levels in Na-"VAI-DMSN treated DCs with or without
LPS-priming, indicating that Na-"VAI-DMSN can initiate pyrop-
tosis through the formation of pores on the plasma membrane
even without LPS-priming.

To further test pyroptosis in DCs, propidium iodide (PI,
a membrane-impermeant nucleic acid intercalator) and FAM-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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FLICA were co-employed to examine pyroptosis in DCs via
flow cytometry. DCs treated with Na-"VAI-DMSN showed a higher
level of pyroptosis compared to other groups (Fig. 3C and S97).
The morphological features of DC2.4 cells incubated with
Na-"VAI-DMSN were also investigated using microscopy. Na-"VAl-
DMSN treated DCs showed a typical morphology change during
pyroptosis similar to LPS + nigericin treated DCs, with pyrop-
totic body formation, cell flattening, and plasma membrane
pore formation'"*® (Fig. S10t). The activation of caspase-1
dependent pyroptosis caused elevated IL-1B (Fig. 3D) and IL-
18 (Fig. 3E) secretion in the Na-"VAI-DMSN group. The co-
stimulatory surface marker (CD40, CD80, and CD86) expres-
sion and Thi-polarized cytokine (IFN-y, TNF-o, and IL-12)
secretion of DCs were also tested. In all cases the Na-"vAl-
DMSN group showed the highest level in all tested groups
(Fig. S111). Flow cytometry results also indicate that Na-"VAl-
DMSN efficiently delivered the OVA antigen to DCs and medi-
ated potent cross-presentation by MHC class I molecules
(Fig. 3F). The enhanced DC maturation, elevated secretion of
Thi-polarized cytokines, and cross-presentation of the carried
antigen indicate the potential of Na-"YAI-DMSN as an efficient
adjuvant to promote the cellular immunity.

It was reported that the release of IL-1f, IL-18, and cellular
content from pyroptotic DCs further amplified the inflamma-
tory response of bystander DCs, resulting in the second state of
DC ‘hyperactivation’. These hyperactive DCs are superb activa-
tors of T cells that enhance adaptive immunity.'®®* Hyperactive
DCs were also reported to produce IL-1B independent of
pyroptosis for a longer period compared to classical activated
DCs such as those treated with adjuvants.’® The potential of
Na-"VAI-DMSN in inducing hyperactive DCs was tested (see the
flow chart, Fig. 3G). Immature DCs incubated with the super-
natants composed of cellular components released from
pyroptotic DCs, followed by incubation in fresh medium,
secreted a significantly higher amount of IL-1f in fresh medium
within 24 h, nearly one order of magnitude higher than that
from DCs first treated with Na-YAI-DMSNs and then incubated
in fresh medium (Fig. 3H), suggesting DC hyperactivation. The
morphology of DCs was investigated by staining the cells with
rhodamine phalloidin. Confocal images show that immature
DCs display a round morphology with a relatively smooth
surface, while hyperactive DCs appear slightly elongated with
numerous spines on the surface (Fig. 31), corresponding to the
morphology of hyperactive DC reported in the literature.*®

It is known that a large population of DCs are located in the
lymph nodes. To assess whether the OVA loaded Na-"vAI-DMSN
could efficiently migrate to lymph nodes, in vivo imaging of the
depot and lymph node was conducted. Na-"VAI-DMSN not only
increased OVA-FITC accumulation in proximal lymph nodes but
also promoted OVA-FITC transportation from the injection site
to the distal lymph nodes (Fig. S121). As lymph nodes are
peripheral lymphoid organs where activated DCs can interact
with T cells and B cells to initiate an adaptive immune response,
Na-VAI-DMSN offers a better chance to induce an effective
immune response.®

To investigate whether Na-"VAI-DMSN is able to induce
cellular immunity against tumours in vivo, the vaccine adjuvant
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Fig.3 Na-"YAl-DMSN induced DC pyroptosis and DC pyroptosis-meditated DC hyperactivation. (A) Confocal microscopy to evaluate caspase-1
activation. DC2.4 cells were incubated with Alhydrogel, DMSNs, H-"YAI-DMSN, and Na-'YAl-DMSN for 6 h and stained with a FAM-FLICA caspase-
1 Assay kit. PBS was used as a negative control. Blue, DAPI (nucleus); green, caspase-1. (B) Western blot analysis of the cleaved GSDMD
expression. DC2.4 cells were treated with Na-"YAl-DMSN for 3 h and 6 h. Cleaved GSDMD western blot of cell lysates from DC 2.4 incubated with
PBS, H-"VAI-DMSN, and Alhydrogel for 6 h, and LPS-primed DCs incubated with Na-'"VAI-DMSN (6 h) were studied as controls. Cells treated with
lipopolysaccharides (LPSs) (50 ng mL™2, 4 h), followed by nigericin (10 uM, 2 h)-induced pyroptotic DCs were used as positive controls; B-actin
was the loading control. (C) Pl and FAM-FLICA co-staining to examine DC pyroptosis via flow cytometry. (D) IL-1B and (E) IL-18 were analyzed
using an ELISA kit in DC culture supernatants incubated with various formulations for 24 h. (F) Cross-presentation of DCs incubated with different
formulations loaded with OVA for 24 h assessed by flow cytometry. (G) A flow chat for assessing hyperactive DCs. Immature DC2.4 cells were
firstly cultured with Na-"YAl-DMSN for 16 h to obtain mature/pyroptotic DC2.4 cells. The supernatants from mature/pyroptotic DC2.4 cells were
collected after spinning to remove cell pellets and nanoparticles, and then added to immature DC2.4 cells and incubated for 24 h to induce DC
hyperactivation. Active/pyroptotic DC2.4 cells obtained from incubation of immature DCs and Na-'VAl-DMSN for 24 h were used as controls. (H)
IL-1B released from hyperactive and Active/pyroptotic DCs after incubation in fresh medium for 1, 3, and 24 h. (I) Confocal images showing the
morphological change of hyperactive DC2.4 cells.

potency of Na-"VAI-DMSN was examined in a prophylactic colon
tumor model, in which the mice were immunized with NPs
loaded with CT26 cell lysates subcutaneously three times
(Fig. 4A). Seven days after the third immunization, the mice

8512 | Chem. Sci,, 2022, 13, 8507-8517

were challenged with CT26 cells and tumor growth was moni-
tored every other day. As presented in Fig. 4B, mice treated with
PBS exhibited a rapid increase in tumor volumes. The DMSN,
H-VAI-DMSN, and Alhydrogel groups showed only slight
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inhibition of tumor growth. However, the injection of the
Na-"VAI-DMSN group significantly decreased the tumour growth
(Fig. 4B and S11At). Meanwhile, there was no significant body
weight drop throughout the study (Fig. S11B¥).

Mice were euthanized on day 16 post tumor challenge. Tumor,
spleen, and blood were harvested for analysis. An immunohis-
tochemistry approach was adopted to determine whether
caspase-1 in lymphocytes in the spleen was activated (Fig. 4C,
upper panel). Cleaved caspase-1 density within the spleen
sections was significantly higher in the Na-YAI-DMSN group than
in all control groups, suggesting the induction of caspase-1
activation in the spleen in vivo by Na-VAI-DMSN (Fig. 4D).
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) analyses were also conducted for the excised tumors
(Fig. 4C, lower panel). TUNEL assays found extensive positive
staining in Na-"VAI-DMSN treated tumors, indicating that the
Na-"AI-DMSN formulation induced potent tumor cell apoptosis
for tumor suppression (Fig. 4E). In addition, compared to the PBS

View Article Online
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control group, no remarkable pathological abnormalities were
observed in H&E staining of major organs, including the heart,
kidneys, and spleen (Fig. S13+).

To understand Na-"YAI-DMSN boosted immune responses,
DC infiltration and activation were also monitored.'**
Compared to the control, an increased level of activated DCs
(CD80"CD86") was observed in the spleen in the Na-VAI-DMSN
group (Fig. 4F). Moreover, stronger activation of memory T cells
in spleens (CD44'CD62L CD8") in the Na-VAI-DMSN immu-
nized group was observed, which are more effective invaders
than other types of T cells, but barely activated by Alhydrogel,*®
DMSNs, or H-VAI-DMSN (Fig. 4I). Furthermore, serum was
harvested from vaccinated mice and the levels of IFN-y and IL-
18 were quantified by ELISA. As shown in Fig. 4G and H, Na-"VAl-
DMSN stimulated the highest amount of IL-1f and IL-18
production compared to other groups. The observation is in
agreement with the increased NK population, as the release of
IL-1B and IL-18 augments the activity of NK cells.**
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Fig. 4 Na-'"YAl-DMSN induced anti-cancer immunity in prophylactic tumor models using CT26 cell lysates as antigens. (A) Schematic illustration
of the experimental protocol for the prophylactic tumor model. Balb/c mice were immunized subcutaneously with three doses of different
vaccines as presented in Fig. 4A. (B) Tumor growth curves of mice after different immunizations. (C) Post-mortem histopathology on spleen
tissues by cleaved caspase-1 staining and on tumor tissues by TUNEL staining. Quantification of (D) cleaved caspase-1 density in spleen sections
and (E) TUNEL staining in tumor sections are expressed as mean + SD from at least three independent experiments. Spleens were collected on
day 16 for flow cytometry analysis. Flow cytometry analysis of splenocyte profiles of (F) CD80*CD86*DCs and (I) CD44highCD62LIowCD8*T
cells (effector memory T cells). Blood was collected for detecting the secretion of (G) IL-1B and (H) IL-18 using ELISA. Data are presented as mean
+ SD (*p < 0.05, **p < 0.01, and ***p < 0.005).
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The cellular immune responses evoked by Na-"AI-DMSN
were further investigated, which are essential for cancer
vaccine performance. Na-"VAI-DMSN formulation led to
increased CD8" T cell and CD4" T cell population, significantly
higher compared to all control groups in both splenocytes and
tumor samples (Fig. S14A and Bt). Moreover, mice immunized
with Na-"AI-DMSN showed a significant increase in the
percentages of CD8" and CD4" T cells that produced IFN-y (so-
called cytotoxic T lymphocyte, CTL) compared with all control
groups (Fig. 5A and B), indicating an increase in the population
of CTL that contributed to tumor prevention. NK cells play an
important role in immune response.®* % Interestingly, the NK
cell population (Fig. S14Ct) as well as the IFN-y released by NK
cells (Fig. 5C) after being immunized by Na-"VAI-DMSN were
also elevated relative to other controls, suggesting that the
cytolytic functions of NK cells towards tumor cells also
contributed to the enhanced antitumor performance.

To further highlight the benefits of pyroptosis mediated
cellular immunity induced by Na-"VAI-DMSN (e.g., endogenous
cytokine production mediated by DC pyroptosis), its tumor
inhibition efficiency and anti-cancer immunity were compared
to three reported strategies in a prophylactic colon cancer
model. The control groups include a commercial adjuvant
Alhydrogel combined with 0.2 pg of exogenous IL-1B per
mouse,* monophosphoryl lipid A (MPL, a TLR4 agonist used as
a cancer vaccine adjuvant in clinic®), and H-""AI-DMSN with
a six-coordinate environment but without Na* in the composi-
tion prepared using a different strategy.*® The tumor growth
curve and the digital images of tumors are shown in Fig. S15A
and B,} respectively. Although combined with exogenous IL-18,

View Article Online

Edge Article

the Alhydrogel group had negligible tumor inhibition capability
compared to the PBS control group. While MPL and H-"'Al-
DMSN moderately improved the tumor growth inhibition
compared to the Alhydrogel + IL-1B group, Na-"VAI-DMSN
immunization decreased the tumor growth more significantly
than all the other control groups.

Mice were euthanized on day 14 post tumor challenge.
Tumor, spleen, and blood were harvested for analysis. Serum
was harvested and the levels of IL-1p and IL-18 were quantified
by ELISA. As shown in Fig. $15C and D,} Na-"YAI-DMSN stimu-
lated the highest cytokine levels among all groups under test,
more significant in IL-18 production. The mice group immu-
nized with H-"AI-DMSN exhibited significantly higher secre-
tion levels of IL-1p compared to PBS, MPL, and Alhydrogel + IL-
1B groups, but a similar secretion level of IL-18. The evoked
cellular immune responses were further investigated. Mice
immunized with Na-"VAI-DMSN showed the strongest activation
of NK cells, cytotoxic NK cells, CD8" T cells, and IFN-y'CD8"
cells (Fig. S16A-D,T respectively) in tumor sites among all
formulations. Moreover, stronger activation of memory T cells
in spleens (Fig. S16Et) and DC maturation (Fig. S16Ff) in the
Na-"YAI-DMSN immunized group was observed compared to
control groups.

The above results indicate that endogenous cytokines
produced by Na-"VAI-DMSN are more efficient in evoking anti-
tumor cellular immunity than Alhydrogel + exogenous IL-1j,
consistent with a report showing that effective IL-13 secretion
enhanced memory T cell activation.’**®* MPL is a TLR4 agonist
with potent adjuvant activity, i.e., DC activation and effector
memory CD8 T cell generation.” However, MPL alone does not
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Fig. 5 Flow cytometry analysis of splenocyte profiles and tumor tissue samples collected on day 16 including: (A) CD8*IFN-y* T cells, (B)
CD4*IFN-y* T cells, and (C) IFN-y* NK cells. Data are presented as mean + SD (*p < 0.05, **p < 0.01, and ***p < 0.005).
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induce proper cytotoxic T cell response,”* in accordance with
our observations (Fig. S16D and Et). Additionally, these obser-
vations are consistent with a previous report that H-""Al-DMSN
with Brgnsted basic Y'AI-OH sites enhanced the maturation of
antigen presenting cells and provoke cellular immunity to some
extent.** However, the H-""Al-DMSN design does not provide the
capability of intracellular ion perturbation (e.g. Na'/K" imbal-
ance), which is a key cellular stress signal for the activation of
inflammasome and caspase-1 mediated pyroptosis.*® Therefore,
Na-"AI-DMSN with pyroptosis triggering capability is more
efficient in promoting anti-tumor cellular immune responses.

The therapeutic efficacy of this anti-tumor cellular response
was confirmed in a mouse CT26 therapeutic model. Na-"VAl-
DMSN loaded with CT26 cell lysates delivered in two injec-
tions effectively delayed CT26 tumor growth (Fig. S187).
Compared with the other groups, mice immunized with Na-"VAl-
DMSN showed a significant increase in CD8" IFN-y" T cells and
IFN-y" NK cells in tumor, and enhanced effector memory T cell
activation and DC maturation in the spleen (Fig. S197).

To demonstrate the potential of Na-"YAI-DMSN as a nano-
adjuvant in vaccination for diseases requiring antibody
production in addition to cellular immunity, for example, virus
infections, humoral immune response induced by Na-"Al-
DMSN was evaluated using OVA as a model antigen. Three
subcutaneous vaccinations fortnightly with OVA loaded Na-"VAl-
DMSN, H-"VAI-DMSN, DMSN, and Alhydrogel were injected into
C57BL/6 mice. Free OVA in PBS was used as a control. Fourteen
days after the third immunization, blood was withdrawn for the
analysis of OVA-specific antibody and cytokine production
(Fig. S20A71). Na-"VAI-DMSN showed the highest production of
OVA-specific total IgG in blood among all the groups
(Fig. S20B¥). IgG1 and IgG2a are typical markers for Th2- and
Thi-type immune responses, respectively. Na-"AI-DMSN
enhanced the production of not only IgG1 (Fig. S20Ct), but
also IgG2a dramatically (Fig. S20Df). The Th1 polarized
immunity of Na-"VAI-DMSN is significantly enhanced compared
to Alhydrogel, DMSN, and H-VAI-DMSN, which is further sup-
ported by the increased cytokine production including IL-1B
and IFN-y (Fig. S20E and F{). It is concluded that Na-"™VAI-DMSN
can be used as a nanoadjuvant that induces potent cellular and
humoral immunity in protection against viral challenges.

Conclusions

In summary, novel Na-"YAI-DMSN has been fabricated as a DC
modulator and advanced adjuvant in vaccine formulations. Due
to the unique pH-responsive H'/Na® exchange properties,
Na-"AI-DMSN particles induce intracellular ion perturbation
and DC pyroptosis and hyperactivation,'® provoking enhanced
NK cell mediated innate immunity, and both cellular and
humoral immune responses. The current study sheds light on
the rational design of advanced adjuvants and DC modulators
for vaccine applications.
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