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Abstract: In this study, we suggest a designer vaccine adjuvant that can mimic the drainage
of pathogens into lymph nodes and activate innate immune response in lymph nodes. By the
amination of multivalent carboxyl groups in poly-(y-glutamic acid) (y-PGA) nanomicelles,
the size was reduced for rapid entry into lymphatic vessels, and the immunologically inert
nanomicelles were turned into potential activators of inflammasomes. Aminated y-PGA
nanomicelles (aPNMs) induced NLRP3 inflammasome activation and the subsequent release
of proinflammatory IL-1f. The NLRP3-dependent inflammasome induction mechanism was
confirmed through enzyme (cathepsin B and caspase-1) inhibitors and NLRP3 knockout mice
model. After the aPNMs were combined with a clinically evaluated TLR3 agonist, polyinosinic—
polycytidylic acid sodium salt (aPNM-IC), they triggered multiple arms of the innate immune
response, including the secretion of pro-inflammatory cytokines by both inflammasomes and
an inflammasome-independent pathway and the included type I interferons.

Keywords: vaccine adjuvant, nanoparticles, innate immunity, antigen-presenting cells, lym-
phatic vessel, type I interferon

Introduction

The rational design and synthesis of pathogen-mimicking nanomaterials are required
for the development of efficient immunomodulatory agents because the interaction of
nanomaterials with immune cells is highly dependent on their size, shape, and surface
characteristics."”7 Lymphatic vessels have evolved to drain pathogens into lymph
nodes, which provide a first line of defense against invading viruses and the initiation/
subsequent direction of adaptive immune responses for the removal of pathogens.® 1
Nodal antigen-presenting cells (APCs) detect danger signals through pattern recogni-
tion receptors and initiate multiple arms of innate immune response such as the acti-
vation of inflammasomes and the secretion of proinflammatory cytokines and type I
interferons (IFNs).!"! The activation of inflammasomes as an innate immune system
is a critical step in the initiation of an effective adaptive immune response and a major
goal of many nanoadjuvant systems.*!* Inflammasomes are cytosolic multiprotein
complexes that can detect intracellular pathogens/danger signals and initiate inflam-
matory processes.'* The most well-characterized inflammasomes consist of three major
components of the Nod-like receptor (NLR)-family protein: NLRP3, procaspase-1,
and the ASC adapter.!” Materials that trigger lysosomal destabilization, release

submit your manuscript

Dove

http:

International Journal of Nanomedicine 2017:12 7501-7517 7501
© 2017 Song et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S144623
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:yongtaik@skku.edu
mailto:jhjeong@skku.edu

Song et al

Dove

cathepsin B, and detect danger signals may be useful as
inflammasome inducers.” It has been shown that the NLRP3
inflammasome is activated by classical adjuvants, including
aluminum hydroxide and saponin, which requires both
Toll-like receptor (TLR) and NLRP3 signaling in APCs.?!%*
Following the recruitment and activation of caspase-1 in the
NLRP3 inflammasome pathway, the biologically inactive
precursor pro-IL-1f is processed into IL-1f. In fact, chi-
tosan or SiO, nanoparticles are known to trigger caspase-1
cleavage and IL-1J3 secretion in macrophages and keratino-
cytes, which are mediated by the NLRP3 inflammasome.?>
However, a high concentration (>100 g mL™) is required
to activate inflammasomes. Thus, the design and synthesis
of a nanoadjuvant that can traffic through lymphatic vessels,
migrate into lymph nodes efficiently, and trigger innate
immune responses are essential for the development of
synthetic vaccines.

In this study, we designed and synthesized a nanoadjuvant
that mimicked the drainage of pathogens into lymph nodes
and activated the innate immune system.

Materials and methods

Materials

Poly-(y-glutamic acid) (y-PGA; molecular weight =50 kDa)
was provided by BioLeaders Corporation (Daejeon, Republic
of Korea). Cholesteryl chloroformate (97%), 1,1’-carbonylbis-
1H-imidazole, 1,2-ethanediamine, and polyinosinic—poly-
cytidylic acid sodium salt, poly-(I:C), were purchased from
Sigma-Aldrich (St Louis, MO, USA). IRDye800 NHS ester
was purchased from Li-COR Biosciences (Lincoln, NE,
USA).

Methods

Preparation of aminated y-PGA nanomicelles
(aPNMs)

Cholesteryl chloroformate (2.25 g, 5 mmol) was slowly added
to a solution of 1,2-ethanediamine (16.7 mL, 250 mmol) in
toluene (anhydrous, 250 mL) in an ice bath. The reaction
mixture was reacted at 25°C for 16 hours, washed with
deionized water, dried over anhydrous magnesium sulfate,
and evaporated in a rotary evaporator. The residue was
dissolved in dichloromethane (20 mL) and then added to
methanol (20 mL). The resulting suspension was filtered
to remove biscarbamate using syringe filtration (1 pum,
polytetrafluoroethylene). The filtrate was evaporated in a
rotary evaporator to obtain a white solid. To synthesize
v-PGA-CH, 500 mg of y-PGA (3.876 mmol) in DMSO
(10 mL) and 46 mg of cholesterol amine (0.036 mmol) in
tetrahydrofuran (10 mL) were reacted in the presence of

1,1’-carbonyldiimidazole (63 mg, 0.3876 mmol) at 40°C for
18 hours. The reaction mixture was evaporated in a rotary
evaporator to remove the tetrahydrofuran and then was
poured into acetone. After centrifugation, the precipitate was
collected, dried, and mixed with NaHCO, solution and stirred
for 4 hours. Amberlite IR-120H beads were treated by ion
exchange. After filtration with beads, the reaction mixture
was dialyzed through a 10- to 12-kDa molecular weight
cutoff membrane against deionized water for 2 days, and the
solution was freeze-dried. Next, the yv-PGA-CH conjugate
was aminated in the presence of ethylenediamine in DMSO.
For amination, y-PGA-CH (100 mg, 0.775 mmol) and eth-
ylenediamine (20.6 mL, 310 mmol) were slowly mixed in
DMSO (20 mL) containing 1,1"-carbonyldiimidazole (752.8
mg, 4.65 mmol) under constant stirring for 12 hours. In order
to generate the complexes of y-PGA-CH-NH,-poly-(I:C)
(aPNM-IC), a y-PGA-CH-NH, nanoparticle solution was
added to a solution of poly-(I:C) at a specified mass ratio of
1:2 (y-PGA-CH-NH,/poly-(I:C)) and reacted for 2 hours to
form a stable complex.

Characterization of aPNMs
The size distribution and zeta potential of the multivalent
polymer nanocomplex were analyzed by dynamic light
scattering (DLS) using an electrophoretic light scattering
photometer (ELS-Z, Osaka, Japan) and a field-emission
scanning electron microscope (JEOL Ltd., Tokyo, Japan).
The size change of aPNMs in phosphate-buffered saline
(PBS) and serum at body temperature (37°C) was also
measured by using DLS for 6 days. The critical micelle
concentration (CMC) was determined via the fluorescence
spectroscopic method, using pyrene as a hydrophobic fluo-
rescence probe. Aliquots of pyrene solutions (1.5x107 M in
acetone) were added to the containers, and the solvent was
removed under reduced pressure. Aqueous phthalocyanine
conjugate solutions of different concentrations, from 5x10-
to 5 mg mL~", were added to the containers containing pyrene.
The mixtures were incubated for 24 hours at 20°C, and the
excitation spectra were recorded on an F-2500 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan), from 300 to 360
nm with an emission wavelength of 390 nm. The ratio (I

/
337.5
L,,,) of the fluorescent intensities, at 337.5 and 323 nm, was
calculated to evaluate the hydrophobicity around the pyrene
molecules, and the rising point of I, /I, . was defined as the
CMC. The CMC of aPNM was ~0.5 mg mL™". The surface
morphology and size of the aPNMs were analyzed by high-
resolution transmission electron microscopy (JEOL Ltd.).
The samples were stained with 2% uranyl acetate (Sigma-

Aldrich).
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Animals

Female C57BL/6 (H-2°) mice that were 6 weeks of age were
purchased from ORIENT (Sungnam, Republic of Korea).
The mice were kept under pathogen-free conditions. NLRP3
knockout mice were kindly provided by Professor Gabriel
Nuriez (University of Michigan, Ann Arbor, MI, USA) and
have been previously described.?” All experiments involving
mice were performed in accordance with the Korean Food
and Drug Administration guidelines for the care and use
of laboratory research animals. This study was reviewed
and approved by the Institutional Animal Care and Use
Committee of Sungkyunkwan University School of Medicine
(SUSM; Permission 16-56). SUSM is an Association for
Assessment and Accreditation of Laboratory Animal Care
International accredited facility and abide by the Institute of
Laboratory Animal Resources guide.

Generation of bone marrow-derived dendritic cells
(BMDC:s) and bone marrow-derived macrophages
(BMDMs) from mice

Both the femurs and tibiae were collected, and the muscle
attachments were carefully removed. Intact bones were
soaked in 70% (v/v) ethanol for 1 minute for disinfection and
then washed with PBS. Next, both ends of the bones were
cut with scissors, and the marrow was flushed with Roswell
Park Memorial Institute (RPMI) 1640 medium using a 1-mL
syringe with a 26-G needle. Clusters within the marrow
suspension were disintegrated by vigorous pipetting. After
one wash (490x g, 5 minutes) in RPMI 1640 medium, the
red blood cells were depleted with 0.83 M NH,CI buffer
(Sigma-Aldrich). Bone marrow cells (2x10° cells) were
collected and cultured in 100-mm Petri dishes containing
10 mL of RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 50 TU mL! penicillin,
50 mg mL™! streptomycin, and 20 ng mL~' mouse recom-
binant granulocyte macrophage colony-stimulating factor
(R&D Systems, Minneapolis, MN, USA). Bone marrow cells
(5x10° cells) were collected and cultured in 100-mm Petri
dishes containing 10 mL DMEM supplemented with 20%
heat-inactivated fetal bovine serum, 50 TU mL! penicillin,
50 mg mL™! streptomycin, and 20 ng mL™' recombinant
murine macrophage colony-stimulating factor (PeproTech,
Rocky Hill, NJ, USA). After 7 days, nonadherent and loosely
adherent cells (BMDCs) or adherent cells (BMDMs) were
harvested, washed, and used for in vitro experiments.

Immunofluorescence staining and imaging
For intracellular staining, BMDMs and BMDCs were
fixed with 4% (w/v) paraformaldehyde solution on ice for

30 minutes, permeabilized with 0.1% saponin/5% bovine
serum albumin/PBS for 20 minutes, and then incubated
with primary antibodies against ASC (1:200; Adipogen,
San Diego, CA, USA) and NLRP3 (1:200; Abcam, London,
UK) overnight at 4°C. After washing three times with PBS,
the cells were incubated with fluorescein isothiocyanate
(FITC)-conjugated donkey anti-goat (1:1,000; Abcam)
and tetramethylrhodamine (TRITC)-conjugated donkey
anti-rabbit (1:1,000; Abcam) for 1 hour at room tempera-
ture. After washing three times with PBS, the cells were
stained with Hoechst 33342 (trihydrochloride, trihydrate;
Invitrogen, Carlsbad, CA, USA). Florescence images were
obtained by using a DeltaVision™ PD instrument (Applied
Precision Technologies, Issaquah, WA, USA) with a filter
set (DAPI: excitation 360/40, emission 455/50; FITC: exci-
tation 490/20, emission 525/36; TRITC: excitation 555/25,
emission 605/52; Omega Optical, Brattleboro, VT, USA).
In order to analyze the intracellular localization of aPNMs
in BMDMSs and BMDC:s, the cells were treated with aPNM-
FITC overnight at 37°C and were washed twice with PBS,
and lysosomes were stained with 50 nM LysoTracker® red
DND-99 (Thermo Fisher Scientific, Waltham, MA, USA) for
30 minutes at 37°C. The cells were then washed, fixed, and
examined by using the DeltaVision PD instrument.

In vitro cytokine assay

BMDMs or BMDCs were cultured in 6-well plates at a
density of 1x10° cells/well and cultured with 400 ng mL™"!
lipopolysaccharide (LPS) for 3 hours at 37°C. The aPNMs
were added to the wells in a 1 mL total volume at a con-
centration of 1, 2, 5, or 10 pg mL™". In some experiments,
BMDMs or BMDCs were incubated with a caspase-1
inhibitor (Ac-YVAD-cmk; Sigma-Aldrich) or cathepsin B
inhibitor (CA-074; Sigma-Aldrich). After a 4-hour treat-
ment, the culture supernatants were collected and analyzed
for IL-1P levels by using cytokine-specific enzyme-linked
immunosorbent assay (ELISA; BD Biosciences, San Jose,
CA, USA) according to the manufacturer’s instructions.

Ex vivo cytokine assay

To assay the induction of inflammasomes in lymph nodes,
aPNMs (50 pg) and carboxyl-terminated y-PGA nano-
micelles were inoculated into the footpad of 6-week-old
C57BL/6 mice and NLRP3 knockout mice after priming
with LPS (5 pg) for 24 hours. Next, 3 and 6 hours after
aPNM injection, the lymph nodes of the mice were
removed. The dissected lymph nodes were transferred to
round-bottomed microfuge tubes and snap-frozen in liquid
nitrogen. Next, 300 uL of ice-cold lysis buffer (R0278;
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Sigma-Aldrich) was added, and the lymph nodes were
homogenized by using an electric homogenizer (Z359971;
Sigma-Aldrich). Another 600 UL of lysis buffer was added
during homogenization. After homogenization was com-
pleted, the contents were stirred for 2 hours at 4°C. The
supernatants were collected following centrifugation at
16,000x g for 20 minutes at 4°C. IL-1p was analyzed by
using cytokine-specific ELISA (BD Biosciences) according
to the manufacturer’s instructions.

Quantitative PCR for cytokines

Total RNA was extracted by using an RNeasy mini kit
(Qiagen, Hilden, Germany), and 1 pg of total RNA was
used for first-strand cDNA synthesis with the GoScript™
Reverse Transcription System (Promega, Madison, WI,
USA) with random primers according to the manufacturer’s
instructions. Quantitative PCR was performed by using
the StepOnePlus™ Real-Time PCR Detection System
(Applied Biosystems, Foster City, CA, USA). Quantita-
tive PCR amplification was conducted in a volume of
20 uL containing 10 uL of SYBR Green PCR Master Mix
(Applied Biosystems), 7 UL of distilled water, 5 pmol each
of forward and reverse oligonucleotide primers, and 1 uL of
cDNA template. The following primers were specific to con-
served regions: mouse tumor necrosis factor-alpha (TNF-o.)
5-TCCCAGGTTCTCTTCAAGGGA-3’ (forward) and
5-GGTGAGGAGCACGTAGTCGG-3’ (reverse), mouse
IL-6 5-ACAACCACGGCCTTCCCTACTT-3’ (forward)
and 5-CACGATTTCCCAGAGAACATGTG-3’ (reverse),
and mouse IFN-B 5’-TTCAAGTGGAGAGCAGTTGAG-3’
(forward) and 5-CATCAACTATAAGCAGCTCCA-3’
(reverse; Bioneer, Daejeon, Republic of Korea). GAPDH
served as a reference gene to normalize target mRNA levels.
The samples were run in triplicate, and melting curve analysis
was performed to confirm the amplification specificity of the
PCR products.

In vivo fluorescence imaging

For in vivo imaging, C57BL/6 mice were anesthetized with
300 UL of 2.5% avertin solution (2,2,2-tribromoethanol-tert-
amyl alcohol; Sigma-Aldrich), and the imaging areas were
treated with a depilatory cream. aPNM-IRDye800 (50 pg in
50 UL of water) was intradermally injected into the forepaw
pad. aPNM-IRDye800 was tracked by using a custom-made
whole body optical imaging system at various experimental
time points. Near-infrared spectroscopy images (0.5-second
exposure) of the axillary lymph nodes were acquired using
a 785-nm, 500-mW diode laser as an excitation light source

and 835/45-nm band-pass emission filter. All images were
processed by using Simple PCI software (Compix Inc.,
Cranberry Township, PA, USA).

In situ histofluorescence

In order to analyze the in situ distribution of aPNMs, the
axillary lymph node was dissected 24 hours after the injec-
tion of 50 ug of aPNM-FITC and embedded in Tissue-Tek
OCT compound (SAKURA, Tokyo, Japan) followed by
freezing in liquid nitrogen. Cryosections (10 um) were
prepared by using a Leica cryostat CM 1850 (Leica Micro-
systems, Wetzlar, Germany) and transferred to glass slides.
The sections were fixed with cold acetone for 5 minutes,
dried, and frozen at —20°C until use. The slides were
washed with PBS and blocked with PBS containing 1%
bovine serum albumin for 1 hour at room temperature.
After additional washing, the slides were stained with rat
anti-mouse F4/80 (Serotec, Oxford, UK), CD169 (Siglec-1;
Serotec), and CD205 (DEC-205; Serotec) overnight at
4°C to label the macrophages and dendritic cells (DCs),
respectively. The slides were then stained with TRITC-
conjugated anti-rat IgG secondary antibodies (BD Biosci-
ences) for 1 hour at room temperature. The slides were
washed twice with PBS and then treated with 2 pg mL™!
Hoechst 33342 in PBS for 10 minutes. After the final wash,
the slides were mounted in 50% glycerol (in PBS) and
examined by using a fluorescence microscope (Olympus
IX71; Olympus Optical, Tokyo, Japan) and DeltaVision
PD instrument.

Statistical analysis

All results are expressed as mean differences and were tested
for significance using Student’s #-test, wherein significance
is indicated by p-values <0.05 (*), <0.01 (**), and <0.001
(***). p<<0.05 was considered to indicate a significant differ-
ence. All values are expressed as the mean + SD. GraphPad
Prism software was used for all statistical analyses (GraphPad
Software, San Diego, CA, USA).

Results and discussion

Characterization of lymph node targeting
aPNMs

We synthesized size-controlled aPNMs as a novel inflam-
masome inducer that could function even at low concentra-
tions (<10 pg mL™"). Furthermore, the inflammasome inducer
was combined with poly-(I:C), a TLR3 agonist, to activate
multiple arms of the innate immune system (Scheme 1).%
We synthesized y-PGA nanomicelles by conjugating the
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Scheme | Schematic illustrations of y-PGA nanomicelles and inflammasome pathway.

Notes: Aminated y-PGA nanomicelles facilitate efficient migration through lymphatic vessels, targeting of APCs in the lymph nodes, and induction of inflammasomes after
lysosomal destabilization. When aPNMs combine with anionic poly-(I:C), a TLR3 agonist, they trigger multiple arms of the innate immune response (IL-1J3 secretion by
inflammasomes, inflammasome-independent secretion of proinflammatory [TNF-o. and IL-6], and type | interferon [IFN-B]).

Abbreviations: APCs, antigen-presenting cells; aPNM, amine-terminated y-PGA nanomicelles; y-PGA, poly-(y-glutamic acid); IFN-B, interferon-; LPS, lipopolysaccharide;
poly-(I:C), polyinosinic—polycytidylic acid; TLR, Toll-like receptor; TNF-0, tumor necrosis factor-alpha.
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main chain of »-PGA with hydrophobic cholesterol groups.?
However, the size of y-PGA nanomicelles should be tuned
to ensure efficient migration through lymphatic vessels.!
In order to improve the targeting efficiency of nanoparticles
into lymph nodes, three main research approaches have
been suggested: size-tuning, hitch-hiking on albumin, and
PEGylation.*** Regarding size-tuning, it has been reported
that 15—70 nm nanoparticles are optimal for rapid entry into
lymphatic vessels and migration into lymph nodes. The
amination of y-PGA nanomicelles with carboxylate groups
on their surfaces reduced the size of nanomicelles to ~30 nm
(Scheme 1; Figure 1A and B). When the size change of aPNM
was measured in PBS and serum at body temperature, the
size was kept during a span of 6 days (Figure S1). When
aPNMs were injected into the footpad, they migrated into
the lymph nodes easily because of their modulated size and
were taken up by APCs such as macrophages (stained with
anti-CD169 and anti-F4/80) and DCs (stained with anti-
CD205; Figure 1C and D). Because aPNMs have a positive
charge, they can interact with the negatively charged cell
membrane of APCs, enter them, and induce lysosomal
destabilization, resulting in the activation of the NLRP3
inflammasome signaling pathway (Figure S2; Scheme 1).
The amine groups also facilitated loading of anionic charged
immunostimulatory materials such as poly-(I:C), which can
induce the innate immune response through different signal-
ing pathways.* Scheme 1 presents a schematic illustration
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(Figure 2). As shown in Figure 2B and C, the secretion of
IL-1B was enhanced after the incubation of BMDCs and
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Figure | Lymph node targeting aPNMs.

Notes: Size and size distribution of (A) carboxyl-terminated and (B) amine-terminated y-PGA nanomicelles measured by dynamic light scattering and transmission electron
microscopy. In vivo trafficking of aPNMs to lymph nodes. (C) In vivo NIR fluorescence image of IRDye800-labeled aPNMs 20 minutes after injection into the footpad (triangle:
footpad, circle: lymph node). (D) Immunohistofluorescence analysis of the dissected lymph nodes of a mouse injected with FITC-labeled aPNMs. The slides were stained with
anti-CD 69, anti-F4/80, or anti-CD205. Scale bar is 250 um. Magnification x4 (Olympus IX 71, Olympus, Tokyo, Japan).

Abbreviations: aPNMs, amine-terminated y-PGA nanomicelles; FITC, fluorescein isothiocyanate; y-PGA, poly-(y-glutamic acid); NIR, near-infrared.

immunofluorescence. Wepretreated APCswithLPS(400ngmL™")  of LPS with aPNMs (Figure 2D and E). However, few
or medium only for 3 hours and then incubated them with  complexes of NLRP3 and ASC were found in the control,
medium alone or aPNMs for 4 hours. Many colocalized intra-  LPS-only, and aPNM-only groups. The experimental results
cellular complexes of NLRP3 (green) and ASC (red) inboth ~ were consistent with the assembly of the inflammasome
BMDCs and BMDMs were detected after the stimulation — mechanism shown in Scheme 1. Therefore, the experimental
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Notes: (A) Scheme of ex vivo experiment. (B, C) Secretion of IL-If after incubation of BMDMs and BMDCs with various concentrations of aPNMs or carboxyl-terminated
Y-PGA nanomicelles for 4 hours and after priming with LPS (400 ng mL™') for 3 hours. The concentration unit of the X-axis is g mL™". **p<<0.001. Scale bar is |15 um. (1: control,
2:  pygmL, 3: 2 ugmL', 4: 5 ug mL~', 5: 10 pg mL™"). Immunofluorescent images (100x) of the inflammasome complex (NLRP3/ASC) of BMDM (D) and BMDC (E).

Abbreviations: APC, antigen-presenting cells; aPNMs, amine-terminated y-PGA nanomicelles; BMDCs, bone marrow-derived dendritic cells; BMDMs, bone marrow-

derived macrophages; y-PGA, poly-(y-glutamic acid); LPS, lipopolysaccharide.

data demonstrate that simultaneous treatment of aPNMs with
LPS induced the activation and assembly of NLRP3 inflam-
masomes efficiently in both BMDCs and BMDMs.

Mechanism study of inflammasome
activation

We also investigated the mechanism of inflammasome acti-
vation by inhibitors (cathepsin B inhibitor [CA-074] and
caspase-1 inhibitor [Ac-Y VAD-cmk]) of the inflammasome
signaling pathway as shown in Schemes 1 and S1.%7 The
activation of caspase-1 is essential for inducing the active

form of pro-IL-1pB into IL-1f in the whole inflammasome
pathway.!! Thus, the inhibition of caspase-1 activity can
attenuate the effect of inflammasome activators. Mature
IL-1B has been implicated in many immune responses.
In order to evaluate the effect of inhibitors, we incubated
BMDCs or BMDMs with aPNMs and inhibitors simulta-
neously after priming with LPS for 3 hours. As shown in
Figures 3 and S3, IL-1P was decreased after treatment with
a caspase-1 inhibitor (Ac-YVAD-cmk) and cathepsin B
inhibitor (CA-074) in both BMDCs and BMDMs. As a con-
trol, we used another inflammasome inducer, poly(deoxyade
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nylic—deoxythymidylic) (poly-(dA:dT)), which is known to
stimulate the AIM2 inflammasome (Scheme S2).* Although
the AIM2 inflammasome signaling pathway differs from
that of the NLRP3 inflammasome, the final pathway for the
activation of caspase-1 to produce IL-1 is the same. After
incubation with poly-(dA:dT) and the caspase-1 inhibitor, we
observed a dramatic decrease in IL-1P (Figure 3A and B).
However, the cathepsin B inhibitor did not result in a large
difference in the concentration of secreted IL- 13 because the
cathepsin B inhibitor affects only the NLRP3 inflammasome,
not the AIM2 inflammasome (Figure 3C and D)."

In vivo induction of inflammasome

In order to investigate inflammasome induction in vivo,
we used NLRP3 knockout mice (NLRP37") to assess
inflammasome induction by aPNMs.** When both
BMDMs and BMDCs isolated from NLRP3”~ mice were
treated with aPNMs, the secretion of IL-1P was greatly
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inhibited (Figure 4A and B). This implies that the NLRP3
inflammasome-inducing pathway is closely related to the pro-
duction of IL-1P by APCs treated with aPNMs. In contrast,
the secretion of IL-1f3 by both BMDMs and BMDCs isolated
from NLRP3~~ mice was not inhibited when they were
treated with poly-(dA:dT). As we observed in the in vitro
experiment (Figure 3), the induction of inflammasomes
by poly-(dA:dT) is related to the AIM2 pathway, not the
NLRP3 pathway.*

We also determined whether aPNMs could act as an
efficient inflammasome inducer after their injection into
mice. We injected aPNMs after priming with LPS (5 ug)
for 24 hours. After aPNMs were subcutaneously injected,
lymph nodes were collected from the immunized mice and
used for ex vivo analysis of IL-1P. As shown in Figure 4C,
the secreted concentration of IL-1B in wild-type mice
immunized with aPNMs increased up to 6 hours after injec-
tion. Furthermore, there was a large difference between
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Figure 3 Effect of inflammasome inhibitors.

Notes: Secretion of IL-1J after incubation of BMDMs (A) and BMDCs (B) with a caspase-| inhibitor. Secretion of IL-1J after incubation of BMDMs (C) and BMDCs (D) with
a cathepsin B inhibitor. All data were obtained in triplicate and are presented as the mean £ SD. ***p<0.001. The concentration unit of the X-axis is ig mL™", and poly-(dA:dT)

is 2 ug mL™" (I: control, 2: 5 ug mL™", 3: 10 ug mL™', 4: poly-(dA:dT)).

Abbreviations: BMDCs, bone marrow-derived dendritic cells; BMDMs, bone marrow-derived macrophages; poly-(dA:dT), poly(deoxyadenylic—deoxythymidylic).
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Figure 4 In vitro and in vivo induction of inflammasomes in lymph nodes.

Notes: Secretion of IL-1 after incubation of BMDMs (A) and BMDCs (B) isolated from wild-type or NLRP3-KO mice (NLRP3~-) with aPNMs. The concentration unit of
the X-axis is ug mL™', and poly-(dA:dT) is 2 ug mL™". (I: control, 2: 5 ug mL™', 3: 10 ug mL™', 4: poly-(dA:dT)). (C) Scheme of in vivo and ex vivo experiment. (D) Secretion
of IL-1B in lymph nodes at different time points after injection of aPNMs. (E) Different degrees of inflammasome induction between wild-type and NLRP3-KO mice. All data
were obtained in triplicate and are presented as the mean £ SD. ***p<<0.001. NS, not significant.

Abbreviations: aPNMs, amine-terminated y-PGA nanomicelles; BMDCs, bone marrow-derived dendritic cells; BMDMs, bone marrow-derived macrophages; y-PGA, poly-
(y-glutamic acid); KO, knock out; poly-(dA:dT), poly(deoxyadenylic—deoxythymidylic).

NLRP3~~ and wild-type mice at 6 hours after injection  injected with carboxyl-terminated y-PGA nanomicelles and
(Figure 4D). The experimental results are all consistent with  the control group (Figure S4). The experimental results also
those observed in the in vitro system. However, we foundno  suggest that aPNMs can move into lymph nodes efficiently
differences in the secretion of IL-1[3 between mouse groups  and activate the inflammasome of APCs.
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Triggering multiple arms of innate

immune response by aPNMs/poly-(I:C)

Although LPS was used as a TLR4 agonist, which was required
for the efficient induction of inflammasomes, the toxicity of
LPS limits its clinical application.*! Based on our experi-
mental results, another TLR agonist that has been tested
for human vaccines was combined with the novel inflam-
masome inducer aPNMs. We investigated whether aPNMs
could activate multiple arms of the innate immune system
after combining them with poly-(I:C), a TLR3 agonist that is
a synthetic analog of double-stranded RN A .*>*3 This agonist
can lead to the induction of protective cellular genes, includ-
ing type I IFN and proinflammatory cytokines, to directly
limit viral replication and help direct subsequent adaptive
immune responses.* After aPNMs coated with poly-(I:C)
were immunized into mice, the innate immune response in
lymph nodes was analyzed. In order to investigate the effects
of the combined nanoadjuvant aPNM-IC on multiple arms of
the innate immune response, we determined whether other
inflammasome-independent proinflammatory cytokines
and type I IFN were secreted in addition to inflammasome
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induction.*® The secretion of IL-1[3 was higher in the mouse
groups treated with aPNM-IC (Figure 5A). The secretion
levels of TNF-o and IL-6 were also markedly increased in
the mouse groups treated with aPNM-IC compared with those
treated with aPNMs or poly-(I:C) only (Figure 5B and C).
IFN-B, a representative type I IFN, was also produced at high
levels in mouse groups treated with aPNM-IC (Figure 5D).
The intrinsic immunological effects of poly-(I:C) on the
production of proinflammatory cytokines (TNF-o and IL-6)
and type I IFN (IFN-B) were synergistically enhanced by the
combination of poly-(I:C) with aPNMs. This synergistic
effect may be related to the enhanced delivery of poly-(1:C)
into endosomes, where TLR3 is located, through the help of
aPNMs. Coupling of the type I IFN pathway with inflam-
masome activation may also contribute to the synergistic
effect (Scheme S2).* The experimental results demonstrate
that well-designed multiple arms of the innate immune
response can be tailored by the careful selection and com-
bination of immunomodulatory compounds with aPNMs,
although aPNMs stimulate APCs only through the NLRP3
inflammasome pathway.
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Figure 5 Triggering of multiple arms of the innate immune response in lymph nodes by aPNM-IC.
Notes: Secretion levels of (A) IL-1B, (B) TNF-o, (C) IL-6, (D) IFN-B. All data were obtained in triplicate and are presented as the mean * SD. *p<<0.05, **<<0.001.

NS, not significant.

Abbreviations: aPNM-IC, amine-terminated y-PGA nanomicelles + poly-(I:C); poly-(I:C), polyinosinic—polycytidylic acid; -PGA, poly-(y-glutamic acid); IFN-, interferon-f3;

TNF-0, tumor necrosis factor-alpha.
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Conclusion

In this study, we found that size-controlled aPNMs can be
used as a designer vaccine adjuvant to activate multiple arms
of the innate immune response in lymph nodes. By aminating
carboxyl groups in y-PGA nanomicelles, the immunologically
inert nanomicelles were converted into potential activators
of inflammasomes, similar to conventional adjuvants such as
alum. Both in vitro and in vivo experimental results revealed
that aPNMs induced NLRP3 inflammasome activation
and subsequent release of proinflammatory IL-13. When
aPNMs were combined with a clinically evaluated TLR3
agonist, poly-(I:C) (aPNM-IC), they triggered multiple arms
of the innate immune response, including the secretion of
proinflammatory cytokines by both inflammasomes and an
inflammasome-independent pathway and the induction of
type I IFNs. In the future studies, it is necessary to assess the
reciprocal interaction between the aminated nanomicelles and
surface of biological membranes when the aminated nanomi-
celles are used for biomedical applications because positively
charged nanomaterials can induce unexpected side effects.*4¢
However, their targeted application in the control of infectious
diseases as well as cancer immunotherapy, which requires
well-designed innate and adaptive immune responses, is
expected to produce positive results. The aPNMs can be used
as a multifunctional nanoadjuvant that can tailor the immune
response in lymph nodes by the incorporation of various types
of immunostimulatory compounds, eg, other TLR ligands,
nucleotide-oligomerization domain ligands, and stimulator of
IFN genes ligands. Furthermore, the amine group of aPNMs
will also facilitate the loading of antigens (ie, recombinant
proteins, peptides, and genes) when used to design a vaccine
for infectious diseases and cancer immunotherapy.*’=!
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Figure S| The stability of aPNM in PBS and serum at body temperature.
Note: The stability test results conducted at body temperature showed that the size of aminated micelles was kept during a time span of 6 days.
Abbreviations: aPNM, amine-terminated y-PGA nanomicelles; y-PGA, poly-(y-glutamic acid); PBS, phosphate-buffered saline.
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Figure S2 Intracellular location of aPNM-FITC measured by fluorescence microscopy.

Notes: BMDMs and BMDCs were stained with 50 nM LysoTracker® red (Thermo Fisher Scientific, Waltham, MA, USA) and treated with aPNM-FITC overnight. Some of
aPNM-FITC was colocalized with LysoTracker, while others were in the cytosol. Scale bar is 5 utm. Magnification x60 (Delta vision PD instrument; GE Healthcare, Little
Chalfont, UK).

Abbreviations: aPNM, amine-terminated y-PGA nanomicelles; BMDCs, bone marrow-derived dendritic cells; BMDMs, bone marrow-derived macrophages; DIC, differential
interference contrast; FITC, fluorescein isothiocyanate; y-PGA, poly-(y-glutamic acid).
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Abbreviations: aPNM, amine-terminated y-PGA nanomicelles; y-PGA, poly-(y-glutamic acid); poly-(dA:dT), poly(deoxyadenylic—-deoxythymidylic); TLR4, toll-like receptor 4.
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Figure S3 Effect of inflammasome inhibitors.

Notes: Secretion of IL-1f after incubation of BMDMs (A) and BMDCs (B) with caspase-| inhibitor. Secretion of IL-1f after incubation of BMDMs (C) and BMDCs (D)

with cathepsin B inhibitor. All data were obtained in triplicate and are presented as a mean value + SD. **p<0.001. The concentration unit of X-axis is g mL™' (I: control,
2: 1 uygmbl, 3: 2 ug mL', 4: 5 ug mL™', 5: 10 pg mL™").
Abbreviations: BMDCs, bone marrow-derived dendritic cells; BMDMs, bone marrow-derived macrophages.
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Figure $4 In vivo induction of inflammasomes in lymph nodes.

Notes: Secretion of IL-1B in lymph nodes at different time points after injection of carboxyl-terminated -PGA nanomicelles. All data were obtained in triplicate and are
presented as the mean + SD. NS, not significant.

Abbreviation: y-PGA, poly-(y-glutamic acid).
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