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mRNA-carrying lipid nanoparticles that induce
lysosomal rupture activate NLRP3 inflammasome
and reduce mRNA transfection efficiency†

James Forster III,a Dipika Nandia,b and Ashish Kulkarni *a,b,c

In the last several years, countless developments have been made to engineer more efficient and potent

mRNA lipid nanoparticle vaccines, culminating in the rapid development of effective mRNA vaccines

against COVID-19. However, despite these advancements and materials approaches, there is still a lack of

understanding of the resultant immunogenicity of mRNA lipid nanoparticles. Therefore, a more mechan-

istic, design-driven approach needs to be taken to determine which biophysical characteristics, especially

related to changes in lipid compositions, drive nanoparticle immunogenicity. Here, we synthesized a

panel of six mRNA lipid nanoparticle formulations, varying the concentrations of different lipid com-

ponents and systematically studied their effect on NLRP3 inflammasome activation; a key intracellular

protein complex that controls various inflammatory responses. Initial experiments aimed to determine

differences in nanoparticle activation of NLRP3 inflammasomes by IL-1β ELISA, which unveiled that nano-

particles with high concentrations of ionizable lipid DLin-MC3-DMA in tandem with high cationic lipid

DPTAP and low cholesterol concentration induced the greatest activation of the NLRP3 inflammasome.

These results were further corroborated by the measurement of ASC specks indicative of NLRP3 complex

assembly, as well as cleaved gasdermin-D and caspase-1 expression indicating complex activation. We

also uncovered these activation profiles to be mechanistically correlated primarily with lysosomal ruptur-

ing caused by the delayed membrane disruption capabilities of ionizable lipids until the lysosomal stage,

as well as by mitochondrial reactive oxygen species (ROS) production and calcium influx for some of the

particles. Therefore, we report that the specific, combined effects of each lipid type, most notably ioniz-

able, cationic lipids, and cholesterol, is a crucial mRNA lipid nanoparticle characteristic that varies the

endo/lysosomal rupture capabilities of the formulation and activate NLRP3 inflammasomes in a lysosomal

rupture dependent manner. These results provide a more concrete understanding of mRNA lipid

Nanoparticle-Associated Molecular Patterns for the activation of molecular-level immune responses and

provide new lipid composition design considerations for future mRNA-delivery approaches.

Introduction

The adaptation of lipid nanoparticles as mRNA nanocarriers
has become one of the most profound advancements in devel-
oping new vaccines. The efficient encapsulation, release, and
transfection of mRNA allows for more potent, sustained
antigen production, as has been seen in the expanded protec-

tion exhibited by the COVID-19 vaccines.1 In general, mRNA
lipid nanoparticles are formulated with five main lipid com-
ponents. The first and most crucial are ionizable lipids, bio-
active molecules with tertiary amine heads that ionize at the
low pH of early endosomes, allowing endosomal membrane
fusion and mRNA release.2,3 Phospholipids and cholesterol are
used to aid in nanoparticle formation, usually in high molar
ratios, to allow for stable, rapid supramolecular assembly.2–5

Cholesterol has also been suggested to induce nanoparticle
fusion with the endosome and mRNA escape.6–8 In some
approaches, permanently cationic lipids are also utilized,
further aiding in endosomal fusing, and have also been shown
to induce tissue-specific biodistribution in vivo.3,9 Finally,
shielding lipids, usually modified with PEG chains, allow for
greater circulation and shielding from non-specific protein
interactions but are usually included in a lower molar
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ratio.3,10–14 In recent years, many advancements have been
made to each of these components and their relative concen-
trations, allowing more efficient endosomal escape, which has
proven to be an important hurdle in developing potent,
effective mRNA delivery systems.2,4,5 For example, a study by
Patel et al. discerned that formulating lipid nanoparticles with
naturally occurring cholesterol analogues, such as β-sitosterol,
increased mRNA transfection percent 6000-fold.5 Additionally,
Liu et al. developed cone-shaped ionizable phospholipids to
increase endosomal escape while concurrently controlling the
biomimetics and organ biodistribution of the nanoparticle.4

In addition, mRNA lipid nanoparticle research continues to
engineer new formulations with diverse biophysical character-
istics in this manner, improving endosomal escape and tailor-
ing the delivery systems for disease and tissue-specific
applications.

It is concurrently being elucidated that along with endo-
somal escape, nanoparticle biophysical characteristics also
play an essential role in the resultant activation of cellular
stress and damage signals that induce immunogenicity via
inflammasomes. One of the most widely studied inflamma-
somes, the NLRP3 inflammasome, is a multimeric protein
complex that forms as a response to various stress and
damage signals in innate immune cells.15–19 NLRP3 inflamma-
somes are activated in a dual-signal process. In signal 1, lipo-
polysaccharide (LPS), which is found in the cell walls of Gram-
negative bacteria, is sensed by cell signaling complexes such
as toll-like receptor 4 on the surface of macrophages, resulting
in the downstream activation of NF-κB transcription factor,
inducing the production of inactive proteins involved in the
NLRP3 inflammasome complex, including NOD-, LRR- and
pyrin domain-containing protein 3 (NLRP3) (Fig. 1A–C). In
signal 2, cellular stress indicators such as mitochondrial reac-
tive oxygen species production (ROS), calcium influx, and lyso-
somal rupture induce signaling pathways resulting in confor-
mational changes to the inactive proteins, resulting in the
complexation of the inflammasome (Fig. 1D and E). The
complex then converts pro-caspase-1 into its active form,
which cleaves pro-IL-1β and activates GSDMD to allow IL-1β
release in an immunogenic cell death process known as pyrop-
tosis (Fig. 1F–H).15–19 It has been discovered that nanoparticles
can activate signal 2 and induce NLRP3 inflammasome acti-
vation, wherein Nanoparticle-Associated Molecular Patterns
(NAMPs) such as size, material, charge, and hydrophobicity
determine the strength of activation.15,20–24 Previous literature
has elucidated that individual mRNA lipid nanoparticle com-
ponents are able to activate inflammasomes.25–27 It has also
been suggested that ionizable lipids used in the COVID-19
nanoparticles promote rapid neutrophil infiltration and
inflammation.11,28–30 Furthermore, cholesterol has been eluci-
dated as a potent inducer of lipid fusion, mediating nano-
particle-endosome bilayer interactions for endosomal disrup-
tion, a phenomenon which has recently been suggested to cor-
relate with lysosomal rupture levels and NLRP3 inflammasome
activation.31 Therefore, it is surprising that despite the numer-
ous new delivery systems and lipid formulations, few

approaches have categorized the inflammatory nature of
mRNA lipid nanoparticles. An approach has yet to be taken to
determine the molecular-level mechanisms of mRNA nano-
particle-mediated inflammation and immunogenicity, or how
each lipid’s unique properties and roles contribute to the
overall nanoparticle formulation and affect these pathways.

Here, we engineered and characterized a panel of six mRNA
lipid nanoparticle formulations (LNPs), systematically modu-
lating the concentrations of the five key lipid components. We
performed a comprehensive screening of these LNPs to deter-
mine the lipid formulation-dependent activation of NLRP3
inflammasomes in LPS-primed immortalized bone marrow-
derived macrophages (iBMDMs), as corroborated by multiple
assays exhibiting IL-1β release, ASC speck assembly, and the
cleaving of caspase-1 as well as GSDMD. Furthermore, we dis-
cerned the specific mechanisms of activation for the LNPs,
observing lysosomal rupture, mitochondrial reactive oxygen
species (ROS) production, calcium influx, and GFP mRNA
transfection efficiencies of LNPs to gain insight into the cellu-
lar trafficking pathways and associated inflammasome activat-
ing capabilities of the nanoparticles (Fig. 1I and J). In our
results, we discovered a strong dependence on LNP compo-
sition/formulation on inflammasome activation. Overall, these
results provide evidence that engineering and varying key lipid
concentrations in mRNA lipid nanoparticles induce differing
degrees of NLRP3 inflammasome activation, correlated with
the delay of endosomal escape, and subsequent mRNA trans-
fection capabilities, resulting in lysosomal rupture. We also
found some particles to activate the mitochondrial ROS and
calcium influx pathways. There are multiple implications to
this study, such as elucidating possible immunogenicity of
mRNA lipid nanoparticles, like the COVID-19 vaccines, and
introducing lipid composition as a multi-variable design con-
sideration for balancing endosomal escape and inflamma-
some activation for disease-specific expression and the devel-
opment of self-adjuvant mRNA delivery systems.

Results
Synthesis and characterization of LNP formulations for mRNA
delivery and NLRP3 inflammasome screening

To determine the effect of mRNA-LNP formulation on the acti-
vation of NLRP3 inflammasomes, we developed six different
LNPs, systematically varying the molar compositions of the
five key components: ionizable lipid, cationic lipid, phospholi-
pid, PEGylated lipid, and cholesterol (Fig. 2A). For the ioniz-
able lipid, we have used the “gold standard” 4-(dimethyl-
amino)-butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadecadien-
1-yl-10,13-nonadecadien-1-yl ester (DLin-MC3-DMA), a highly
active ionizable lipid used extensively in previous studies as
well as in mRNA vaccine clinical trials.10–14 For cationic lipid,
we have used 1,2-dipalmitoyl-3-trimethylammonium-propane
chloride (DPTAP), a biomimetic, saturated analogue of DOTAP,
a lipid that has been widely used in nucleic acid delivery
systems and has previously been shown to activate inflamma-
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somes.25 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000] (DSPE-PEG (2000)-Amine) were
used as the phospholipid and shielding lipid components.
The six formulations were developed by starting at the clini-
cally relevant ratio of lipid components used in many previous
works (LNP5, with 50% ionizable lipid, 10% phospholipid,
38.5% cholesterol, and 1.5% PEGylated lipid) and replacing
DLin-MC3-DMA with DPTAP or DPPC as the most abundant
lipid (LNP2 and LNP3 respectively) or systematically increasing
predominantly DPTAP and DPPC while decreasing the other
components (LNP1, LNP4, LNP6) (Fig. 2B). Dynamic Light
Scattering analysis determined that the LNPs exhibited rela-
tively similar sizes (∼150–300 nm), especially for LNP1, LNP2,
LNP5, and LNP6 (between 150 and 279 nm) (Fig. 2C and E).

Zeta potential measurements were largely expected based on
the relative molar concentrations of cationic lipid DPTAP, with
LNP2 and LNP6 being the most cationic (Fig. 2D).
Interestingly, LNP1, which contains 23% DPTAP exhibited
lower zeta potential than LNP5, containing no cationic lipid.
This could be attributed to a slightly larger amount of nega-
tively charged DSPE-PEG (2000)-Amine. LNPs stability in PBS
(over 7 days) and human serum (over 24 hours) were also eval-
uated as measured by changes in size and zeta potential over
time (Fig. 2F–H). Notable is the instability and relatively larger
nanoparticle sizes of the formulations containing large
amounts of DPPC, mainly LNP3 and LNP4, in PBS, and the
high instability of LNP2 in human serum, likely due to the
positive charge and increased binding of negatively charged
corona proteins.32

Fig. 1 Schematic showing the potential activation of the NLRP3 inflammasome pathway by mRNA loaded lipid nanoparticles. The two principal
hypothesized pathways for the internalization and delivery of the multiple mRNA LNP formulations in this study are depicted. In Path 1, the nano-
particle activates the NLRP3 inflammasome in the following manner: (A) Signal 1 is activated when toll-like receptor 4 senses lipopolysaccharide,
resulting in (B) downstream activation of NF-κB transcription factor and (C) the expression of inactive inflammasome proteins NLRP3 and Pro-IL-1β
(Pro-Caspase-1, ASC, and Inactive pore-forming protein GSDMD are already transcribed before NF-κB activation). (D) After Signal 1 priming, six
different lipid nanoparticle formulations are internalized, which depending on formulation, mRNA release, and various biophysical characteristics,
can rupture the lysosomal membrane (E) resulting in the activation of Signal 2 and complexation of the inflammasome. This complex activates active
Caspase-1 (F), which cleaves Pro-IL-1β and pore-forming protein GSDMD into their active forms (G), resulting in cytokine release and immunogenic
cell death in a process known as pyroptosis (H). In Path 2, however, the nanoparticle evades both the activation of the NLRP3 inflammasome and
the degradation of mRNA by (I) ionizable lipid components of the LNP formulations inducing endosomal membrane rupture pre-lysosome, leading
to the release of intact mRNA to the cytoplasm for translation. In this study, we use GFP mRNA expression to quantify transfection (J).
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LNP formulations show varied levels of inflammasome
activation quantified by IL-1β release in LPS primed iBMDMs

To determine the effects of LNP formulations on the activation
of NLRP3 inflammasomes, we used LPS-primed iBMDMs as an
in vitro model (Fig. 3A). These cells were treated with 100 ng
mL−1 LPS for 4 hours to activate signal 1, followed by 24-hour
incubation with each LNP at doses of 100 and 200 μM of the
most abundant lipid in the formulation. These doses were
chosen to be representative of in vitro doses of ionizable lipid
administered for a 5 μg mL−1 dose of mRNA at the standard

1 : 16 weight ratio of mRNA to total lipids.12,14,33 Since the
principal lipid in each formulation makes up ∼50 mol% of the
total lipids, the total lipid concentration is roughly double that
of the stated dose (but slightly less for LNP3). As a positive
control, primed iBMDMs were treated with 10 μM nigericin,
well-known as a potent activator of signal 2 of NLRP3
inflammasomes.15,34 After 24 hours, the supernatants were col-
lected and tested for IL-1β release by enzyme-linked immune-
absorbance assay (ELISA) (Fig. 3B). Recent literature has cited
the inflammasome activating capabilities of DOTAP and ter-
tiary amine-headed ionizable/cationic lipids.25–27,34,35

Fig. 2 Synthesis and characterization of a panel of six mRNA lipid nanoparticle (LNP) formulations used to screen for NLRP3 inflammasome acti-
vation and determine lipid component NAMPs. (A) Schematic of the ethanol dilution method used to synthesize the LNPs, consisting of ionizable
lipid DLin-MC3-DMA, phospholipid DPPC, shielding lipid DSPE-PEG (2000)-Amine, cationic lipid DPTAP, and cholesterol. (B) Chart labelling the
molar concentrations of different lipid components in each of the six nanoparticle formulations. (C) LNP sizes were determined by dynamic light
scattering, using the Intensity Z-average size. Data shown is ±S.E.M. (n = 3). (D) LNP zeta potential in deionized water. (E) Intensity percent plots
show the similar size distribution for the LNPs as measured using Dynamic Light Scattering Instrument. (F) LNP stability in PBS over 6 days. LNPs
were largely stable over this time, with exception of LNP3 and LNP4, consisting of high molar concentrations of phospholipid DPPC. Changes in
average size (G) and Zeta Potential (H) of LNPs over time in human serum were tested over 24 hours.
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Therefore, we hypothesized that LNP formulations with the
highest surface charge and/or highest concentration of ioniz-
able/cationic lipids would yield the greatest extent of NLRP3
inflammasome activation. However, we found the highest acti-
vating particles to be LNP6, LNP1, and to a lesser degree, LNP4
(Fig. 3B). At a higher LNP dose of 200 μM, the difference in
activation was more pronounced, with LNP6 showing
increased activation over LNP1 and LNP4 (Fig. 3B). Since LNP1
and LNP6 activated the greatest, the combination of ionizable
and cationic lipids seemed to be the driving force behind
inflammasome activation. Interestingly, we also observed acti-
vation by LNP4, which contains no cationic lipid and only 10%
more DPPC and 10% less cholesterol than LNP5, which was
one of the least activating groups. Surprisingly, there was a
relative lack of inflammasome activation from LNP2, the most
cationic nanoparticle with the highest percentage of DPTAP.
These results, along with the relatively similar sizes of the
LNPs (especially of ones that behaved in opposite manners in
regards to activation, i.e., LNP1 (195 nm) and LNP6 (200 nm),
which activated, vs. LNP2 (205 nm) and LNP5 (112 nm), which
didn’t activate, led us to conclude that the differences in IL-1β

release, and therefore NLRP3 inflammasome activation, are
not predominantly LNPs size, surface charge, or only cationic/
ionizable lipid-based, but primarily due to the combined effect
of the lipids and their molar compositions. To confirm this
finding and to further differentiate the nanoparticle lipid con-
centration driving forces to NLRP3 inflammasome activation,
we were prompted to conduct a more comprehensive, protein-
specific study into the activation of NLRP3 inflammasomes
and what mechanisms the LNPs trigger to activate them.

LNP formulation is directly correlated with NLRP3
inflammasome activation

Beginning our study, we wanted to confirm that differences in
IL-1β release were directly a result of NLRP3 assembly and the
subsequent activation of caspase-1. To confirm this, we treated
iBMDMs that were knocked out for either NLRP3 or caspase-1
with LPS for 4 hours and then LNPs at 100 μM of the most
abundant lipid for 24 hours as done previously. We also incu-
bated LNPs in LPS unprimed iBMDMs to test if priming is
necessary for LNP induced NLRP3 activation (Fig. 3C). As
expected, IL-1β expression after LNP treatment was signifi-

Fig. 3 LNP formulations show varying amounts of IL-1β release and NLRP3 inflammasome activation. (A) Schematic shows the steps in the NLRP3
inflammasome assay that was used to evaluate the effect of different LNPs on IL-1β release. (B) IL-1β release in the supernatant of LPS primed
iBMDMs incubated with different LNPs for 24 hours (100 μM and 200 μM most abundant lipid) quantified by ELISA. Data shown is ±S.E.M (n = 3).
Statistical analysis was performed with one-way ANOVA followed by Tukey post-test. ns – not significant, *p < 0.05, **p < 0.01, ****p < 0.0001. (C)
We confirmed the involvement of the NLRP3 inflammasome in IL-1β release by incubating LNPs with NLRP3 and Caspase-1 Knockout iBMDMs, as
well as iBMDMs unprimed with LPS, showing minimal activation. Data shown is ±S.E.M (n = 3). Statistical analysis was performed with one-way
ANOVA followed by Tukey post-test. ns – not significant, **p < 0.01, ****p < 0.0001.
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cantly reduced in NLRP3 and caspase-1 knockout cells as well
as in unprimed iBMDMs. Once primed with LPS, the iBMDMs
showed similar activation profiles as previously shown (Fig. 3B
and C). These results point that IL-1β release after LNP treat-
ment requires LPS priming and the subsequent signaling via
NLRP3 assembly and caspase-1 activation.

Now that we have confirmed the involvement of NLRP3 and
caspase-1, we next visualized the effect of LNP formulation on
the complexation of NLRP3 inflammasome proteins. For this,
we utilized iBMDMs engineered to express CFP fluorescently
tagged ASC. ASC is an adapter protein central to the complexa-
tion of NLRP3 inflammasomes, wherein the activation of
signal 1 and signal 2 cause conformational changes to inflam-
masome proteins, resulting in large fibrous protein aggregates
of ASC (“ASC Specks”) that amplify the binding of pro-caspase-
1 and bridge NLRP3 into the entire inflammasome complex.34

These specks have been well documented and categorized in
previous literature as signs of inflammasome activation.15–17,34

To visualize this phenomenon, the cells were primed with LPS
for 4 hours, followed by 13-hour incubation with 100 μM of
LNPs. After 13 hours, the cells were stained with NucBlue and
propidium iodide (PI) and imaged using a CREST v2 confocal
light microscope. When inactive, ASC is spread throughout the
cytosolic region of cells, represented in imaging as large hazes
of CFP fluorescence. This is best exemplified in the LPS, LNP2,
LNP3, and even to a large extent in the nigericin wells, exhibit-
ing non-specific CFP signals indicative of inactive inflamma-
some recruitment (Fig. 4A). However, after the activation of
both signals required for inflammasomes, all the ASC within a
cell is recruited to the inflammasome complex, resulting in a
single, intensely fluorescent but very small (1–5 μm) “speck” in
each cell. This is best exemplified in the LNP1, LNP4, LNP6,
and nigericin wells, showing the highest amount of ASC
specks, which were then sorted and counted by size and nor-
malized by NucBlue events to determine the percentage of
cells with active NLRP3 inflammasomes (Fig. 4B). These
results corroborate our previous data by clearly exhibiting a
drastic increase in activation from LNP1 and LNP6 especially,
each showing ∼30% ASC speck expression, which is a ∼2.5-
fold increase over the LPS control, and ∼3, 12, and 2-fold
increase over the non-activating particles LNP2, LNP3, and
LNP5 respectively. Also highly expressing, although less so
than the others, is LNP4, activating ∼20% of the cells. Overall,
however, the presence of large amounts of ASC specks in the
highest activating formulations, comparable to even nigericin,
confirmed and further resolved the differences in inflamma-
some activation between the six LNP formulations, providing
more precise insight into correlating, and from there, explain-
ing how lipid formulation NAMPs are critical in NLRP3 inflam-
masome activation.

From these studies, it is evident that LNP lipid compo-
sitions act as a deciding factor for signal 2 activation and
NLRP3 oligomerization. To further confirm these correlations,
we wanted to determine the effect of LNP formulation on the
expression levels of specific NLRP3 inflammasome proteins,
including their active and inactive forms. To do this, we

treated iBMDMs with LPS for 4 hours and then LNPs at
100 μM for 24 hours, then collected and concentrated the cell
supernatant, and prepared lysate by treating the cells with
RIPA buffer and protease inhibitor to conduct western blot-
ting. For lysate proteins, we determined the expression of
NLRP3 (110 kDa), pro-caspase-1 (45 kDa), ASC (22 kDa),
GSDMD (53 kDa), and N-terminal GSDMD (31 kDa), which is
the cleaved, active form of GSDMD that causes pores to form
in the cell membrane, ultimately leading to pyroptosis. We
also observed the expression of pro and active caspase-1
released in the supernatant due to LNP treatment and sub-
sequent complement activation and pyroptosis. As shown in
Fig. 4C and D, the lysate expression of the inflammasome pro-
teins NLRP3, pro-caspase-1, ASC and GSDMD are consistent
across all treatment groups. However, when analyzing the
expression of mature N-terminal GSDMD, we observed a sig-
nificant difference in expression from the LNP treatment
groups. Representative images in Fig. 4D show an upregulation
of N-terminal GSDMD chemiluminescence in LNP1, LNP4 and
LNP6. When quantifying these differences in expression, it
was confirmed that LNP1, LNP4, and LNP6 showed significant
increases in active GSDMD expression relative to LPS and nor-
malized by inactive GSDMD, with LNP6, 1, and 4 exhibiting
∼8.5, 7, and 3.5-fold more expression than LPS respectively
(compared to just 2.84, 2.87, and 2.38 for LNP2, LNP3, and
LNP5) (Fig. 4E). This trend continued when observing the
expression of active caspase-1 released in the supernatant,
with LNP1 and LNP6 exhibiting the highest chemilumines-
cence amongst the LNP treatment groups (Fig. 4F). After
quantification, it was discovered that LNP6, 1, and 4 exhibited
2.5, 1.5, and 1.3-fold increases of active/pro-caspase-1 ratio
relative to LPS control (Fig. 4G). Overall, these results further
confirm our LNP-specific inflammasome activation profiles,
this time by displaying formulation-driven activation of
specific inflammasome protein caspase-1, crucial for IL-1β
cleavage, and GSDMD, important for pore-formation ulti-
mately leading to pyroptosis.

Lysosomal rupture is a primary mechanism in LNP-induced
activation of the NLRP3 inflammasome

We have demonstrated that LNPs formulated for mRNA deliv-
ery activate the NLRP3 inflammasome in a manner dependent
on the concentration of multiple lipid components, most
importantly ionizable lipid, cationic lipid, and cholesterol.
Next, we wanted to elucidate the specific mechanism of how
LNP1, LNP4, and LNP6 activate NLRP3 inflammasome to a
greater extent over the other LNPs. We investigated how each
formulation causes lysosomal rupture, an important signal
2 mechanism that induces inflammasome assembly via cath-
epsin B maturation in response to a wide variety of
NAMPs.15,31,36 To test this, we synthesized each LNP formu-
lation to encapsulate 3 mol% of 1,1′-dioctadecyl-3,3,3′,3′-tetra-
methylindodicarbocyanine, 4-chlorobenzenesulfonate, or DiD
dye, a far-red lipophilic dye used to track the internalization of
the lipid nanoparticles via imaging. In addition, we incubated
100 μM of these LNPs in unprimed iBMDMs for 4 hours. We
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Fig. 4 Differing degrees of LNPs-induced inflammasome activation confirmed by inflammasome protein complexation and presence of N-terminal
GSDMD and Active Caspase-1. (A) Representative fluorescence microscopy imaging of LPS-primed and LNP treated ASC-CFP expressing iBMDMs
stained with NucBlue and PI. Blue fluorescence correlates with stained nuclei by NucBlue, whereas red fluorescence signifies dead cells. Cyan fluor-
escence correlates with the expression of ASC, where small dots in the sample indicate the formation of ASC specks in the inflammasome complex.
Scale bar – 100 µm. (B) Quantification of ASC specks after 13-hour LNPs incubation normalized by the total number of live cells counted by the
NucBlue signal. Data shown is ±S.E.M (n = 3). Statistical analysis was performed with one-way ANOVA followed by Tukey post-test. ns – not signifi-
cant, *p < 0.05. (C) Representative Western blots of NLRP3, Pro-Caspase-1, ASC, and β-Actin in lysate. (D) Representative western blot images run on
lysate collected from LPS-primed and LNPs treated iBMDMs, showcasing the expression of inactive GSDMD (top), N-Terminal GSDMD (middle), and
β-Actin control (bottom). (E) Quantification of N-terminal (active) GSDMD protein expression for lysate, relative to the expression in iBMDMs only
treated with LPS and normalized by the expression of inactive GSDMD. Data shown is ±S.D. (n = 3). Statistical analysis was performed with one-way
ANOVA followed by Tukey post-test. ns – not significant, *p < 0.05, **p < 0.01. (F) Representative western blot images run on supernatant collected
from LPS-primed and LNPs treated iBMDMs, showing expression of Pro-Caspase-1 released after pyroptosis (top), as well as Active-Caspase-1 confi-
rming inflammasome activation (bottom). (G) Quantification of Active Caspase-1 protein expression in supernatant, relative to the expression of LPS
and normalized by the expression of Pro-Caspase-1. Data shown is ±S. E. M. (n = 3). Statistical analysis was performed with one-way ANOVA fol-
lowed by Tukey post-test. ns – not significant, *p < 0.05, **p < 0.01.
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then treated the cells with NucBlue and Lysotracker Red
DND-99 before imaging using a CREST v2 confocal fluo-
rescence microscope. Since Lysotracker fluoresces as a
response to low pH environments inside cells, the reduction of
Lysotracker fluorescence intensity, normalized by DiD internal-
ization signal, would indicate greater lysosomal rupture, an
expected result for the highest activating treatment groups
LNP6, LNP1, and to a lesser degree LNP4. As anticipated,
LNP6, the highest activating nanoparticle from previous
assays, showed a drastically lower visible Lysotracker signal
than LNP2, LNP3, and LNP5 (10, 94, and 8-fold less after
quantification, respectively) (Fig. 5A and B). LNP1 also showed
strong reductions in Lysotracker signal but 4-fold less than
LNP6. Furthermore, we were able to visualize the relative
increases in mature cathepsin-B expression in LNP1 and LNP6
from the representative western blot in ESI Fig. S3.† We, there-
fore, report a strong correlation between inflammasome acti-
vation in LNP1 and LNP6 and lysosomal rupture, quantified by
the reduction in Lysotracker signal compared to the least acti-
vating nanoparticles, suggesting lysosomal rupture to be a key
factor in the differentiation of NLRP3 inflammasome acti-
vation by our panel of nanoparticles.

To better quantify the internalization of each LNP formu-
lation, we incubated Carboxyfluorescein N-succinimidyl ester
(CFSE) stained iBMDMs at both 4 °C (Fig. 5C and E) and 37 °C
(Fig. 5D and E) with 100 μM of LNPs (on most abundant lipid
basis) encapsulating 3 mol% DiD and evaluating the fluo-
rescence intensity using flow cytometry. Interestingly, we
observed different internalization patterns for each LNP and at
each temperature. First, we determined a strong correlation
between cationic lipid DPTAP concentration and internaliz-
ation. Even at 4 °C, LNP1, LNP2, and LNP6, containing 23, 54,
and 20% DPTAP respectively, showed high levels of internaliz-
ation over the other particles. The greater reduction in LNP5
internalization at 4 °C, despite having a similar positive charge
to LNP2 and LNP6 (Fig. 2D), indicated that this difference in
internalization was due to the physiochemical properties of
DPTAP rather than just a positive zeta potential. LNP3 and
LNP4, containing the highest amounts of DPPC (68.8% and
20% respectively), showed the most significant inhibition in
internalization at 4 °C. Furthermore, even at 37 °C, these for-
mulations showed approximately 10-fold reductions in intern-
alization compared to the rest of the LNPs. Therefore, the
larger amounts of phospholipid DPPC did not induce greater
lipid fusion or internalization, leading to the conclusion that,
at least in lipid nanoparticles formulated for mRNA delivery,
DPPC shows reduced internalization rates compared to ioniz-
able and cationic lipids (Fig. 5A and B). Furthermore, in deter-
mining the internalization profiles of each LNP and confirm-
ing the largely similar internalization rates of LNP1, 2, 5, and
6, and 10-fold reduced internalizations of LNP3 and 4, we can
conclude that the internalization of LNPs does not signifi-
cantly affect the inflammasome activation we have seen thus
far. This is because, although LNP1, 2, 5, and 6 internalize
similarly, only LNP1, 4, and 6 activate inflammasomes to a
considerable extent.

Mitochondrial reactive oxygen species production and calcium
influx are also LNP formulation dependent mechanisms of
NLRP3 activation

After the determination of lysosomal rupture to be a primary
mechanism of inflammasome activation for LNP1 and LNP6,
we were prompted to determine if any other mechanisms for
the signal 2 activation of NLRP3 inflammasomes were trig-
gered by LNP1, 6, and especially LNP4, which induced no sig-
nificant lysosomal rupture as shown in Fig. 4A and B. To test
these pathways, we incubated 100 μM LNPs in LPS-primed
iBMDMs for 2 hours, followed by staining with MitoSOX and
Fluo-4AM to test for mitochondrial ROS production and
calcium influx by flow cytometry and fluorescent live-cell
imaging respectively. Interestingly, we discovered that, despite
not activating the lysosomal rupture pathway as confirmed in
Fig. 5A and B, LNP4 was shown to be a strong inducer of mito-
chondrial ROS production as well as calcium influx. This is
best exemplified by the statistically significant increase in fluo-
rescent imaging Fluo-4AM expression over LNP1, a primarily
lysosomal rupturing formulation (Fig. 6A and B), as well as
flow cytometry MitoSOX expression as shown in the represen-
tative histogram in Fig. 6C as well as the quantification in
Fig. 6D. These quantified metrics reveal a 17-fold increase in
Fluo-4AM calcium influx from LNP4 as compared to LNP1,
and a 2-fold increase in MitoSOX mitochondrial ROS pro-
duction from LNP1, normalized by LPS expression. Overall,
these results reveal that the lipid formulation specific acti-
vation of NLRP3 inflammasomes is sensitive to not only the
lysosomal rupture pathway, but also mitochondrial ROS and
calcium influx, which provides a strong basis of nanoparticles
that induce diverse cellular trafficking and stimuli to activate
inflammasomes, leading to our final study of mRNA transfec-
tion capabilities of the particles.

mRNA transfection efficiency is negatively correlated with
lysosomal rupture-induced NLRP3 inflammasome activation

To this point, we have confidently determined an interesting
correlation between lipid content and composition on NLRP3
inflammasome activation, with LNP6 (50% DLin-MC3-DMA,
10% DPPC, 20% DPTAP, 18.5% Chol, 1.5% PEG) activating the
greatest amount, followed by LNP1 (45% DLin-MC3-DMA, 10%
DPPC, 23% DPTAP, 20% Chol, 2% PEG) and LNP4 (50% DLin-
MC3-DMA, 20% DPPC, 28.5% Chol, 1.5% PEG) confirmed by
multiple protein-specific assays. Next, we wanted to determine
if there is a correlation between inflammasome activation and
mRNA endosomal escape-driven transfection efficiency. We
chose three LNP formulations with a differing clinical appli-
cation (formulations used in previous clinical literature) and
differing degrees of inflammasome activation; LNP4 (moderate
inflammasome activation by mitochondrial ROS, calcium
influx, but low internalization), LNP5 (clinical ratio of lipids
for optimized mRNA encapsulation and transfection, but low
inflammasome activation), and LNP6 (highest inflammasome
activating formulation due to lysosomal rupture). To test each
LNP’s ability to promote the endosomal escape of mRNA and
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Fig. 5 LNPs internalization causes lysosomal rupture which correlates to inflammasome activation. (A) Representative fluorescence microscopy
imaging of iBMDMs treated with DiD-encapsulating LNPs for 4-hours and stained with NucBlue and Lysotracker Red DND-99. Blue fluorescence
correlates with stained nuclei by NucBlue, red fluorescence signifies internalized DiD-LNPs, and orange fluorescence signifies lysosomes. Scale bar
– 100 µm. (B) Quantification of lysosomal fluorescence intensity normalized by internalized DiD particles quantified by Cy5 fluorescence. Data
shown is ± S.E.M (n = 3). Statistical analysis was performed with one-way ANOVA followed by Tukey post-test. ns – not significant, *p < 0.05. LNPs
internalization was determined by incubating DiD-loaded LNPs in CFSE-stained iBMDMs at 4 °C (C) and 37 °C (D) and analyzing the number of
CFSE-positive events expressing APC signal using flow cytometry. (E) Percentage of CFSE and DiD positive cells indicating internalization of DiD-
loaded LNPs. Data shown is ±S.E.M (n = 3).
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Fig. 6 LNP4 primary method of activation is through mitochondrial ROS and calcium influx pathway. (A) Representative fluorescence microscopy
images of LPS-primed and LNPs treated iBMDMs stained with NucBlue and Fluo-4AM. Blue fluorescence correlates with stained nuclei by NucBlue
and green fluorescence indicates calcium ions. (B) Quantification of imaging data for Fluo-4AM intracellular calcium ion staining. Data shown is ±S.
E.M (n = 3). Statistical analysis was performed with one-way ANOVA followed by Tukey post-test. ns – not significant, *p < 0.05. (C) Representative
flow cytometry histogram showing MitoSOX fluorescent shifts in LPS-primed iBMDMs after 100 μM nanoparticle treatment for 2 hours. (D) Median
fluorescence intensity as determined by flow cytometry. Data shown is ±S.E.M (n = 3). Statistical analysis was performed with one-way ANOVA fol-
lowed by Tukey post-test. ns – not significant, *p < 0.05.
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subsequent transfection, we encapsulated 5 μg mL−1 doses of
GFP mRNA within each LNP. We incubated them in both
unprimed iBMDMs, and HEK293T cells as a maximum
expression control, as macrophages are known to be very
difficult to transfect (Fig. 7A).14,37,38 We transfected 5 μg mL−1

GFP mRNA using Lipofectamine Messenger MAX transfection
reagent as a secondary positive control. We also confirmed the
encapsulation efficiency of each formulation using Quant-it
RiboGreen RNA Assay, normalizing the expression of each data
set to the mRNA dose encapsulated (Fig. 7B). After 24 hours of

Fig. 7 Assessment of the correlation between LNP-induced inflammasome activation and mRNA transfection efficiency. (A) Schematic of the
experimental design, encapsulating GFP mRNA with LNPs 4–6, and Lipofectamine MessengerMAX reagent and incubating in iBMDMs and HEK293T
cells for 24 hours to determine GFP fluorescence by flow cytometry. (B) Encapsulation efficiency of GFP mRNA in different LNPs as determined by
Quant-it RiboGreen Assay. Data shown is ±S.E.M (n = 2). (C) Quantification of median fluorescence intensity of translated GFP mRNA by LNP4, LNP5
and LNP6 in iBMDMs, normalized by average encapsulation efficiency of each particle formulation. Data shown is ±S.E.M (n = 2). Transfection
efficiency in (D) iBMDMs and (E) HEKs normalized by encapsulation efficiency of mRNA. Statistical analysis was performed with one-way ANOVA fol-
lowed by Tukey post-test. *p < 0.05, **p < 0.01. Histograms showing the shifting expression of GFP in (F) iBMDMs and (G) HEK293Ts are also shown.
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treatment, the cells were then processed using flow cytometry
to determine shifts in GFP fluorescence in both the iBMDMs
(representative flow cytometry plot in Fig. 7F) and HEK293Ts
(representative flow cytometry plot in Fig. 7G). As expected, the
transfection efficiencies in iBMDMs were much lower than in
HEK293Ts (Fig. 7C). Interestingly, we found a decrease in nor-
malized GFP median fluorescence intensity (MFI) as well as
transfection efficiency in LNP6 and LNP4, the inflammasome
activating particles, compared to the lower activating LNP5 in
iBMDMs, the principal cell line for all the previous experi-
ments (Fig. 7C and D). Although LNP4 induces inflamma-
some, but does not induce significant lysosomal rupture, it
internalizes 10-fold less after 2 hours than LNP5 and LNP6
confirmed in the previous flow cytometry results, which could
explain its reduced transfection capabilities. Interestingly,
however, this is not a possible explanation for the consistent
difference in GFP mRNA transfection between LNP5 and
LNP6, as both formulations have previously been shown to
internalize to similar degrees. This leads to suggest that the
discrepancies in LNP5 and LNP6 are due to the inflammasome
pathway and may lead to further insight into how LNPs induce
inflammasome activation. For example, we have also pre-
viously shown LNP6 to cause intense lysosomal rupturing,
with an 8-fold reduction in lysosomal fluorescence compared
to LNP5 as indicated in Fig. 5B. This validates our previous
observations and provides further mechanistic insight for
inflammasome activation by LNPs. That is to say that, since
LNP6 induces greater lysosomal rupture while maintaining the
same ratio of membrane disrupting ionizable lipids as LNP5,
it is probable that the combined formulation of each lipid in
LNP6 delays the efficient ionization and endosomal membrane
disruption of the nanoparticle until the endosome fuses with
the lysosome. This would mean that, along with the ionizable
lipids activating and inducing lysosomal membrane disruption
resulting in cathepsin-B maturation and NLRP3 inflamma-
some activation, mRNA would be released in the enzymatic
and acidic environment of the lysosome, causing degradation
and heavy reductions in viable mRNA for translation.
Therefore, the delaying of GFP mRNA release until the lysoso-
mal stage by LNP6 would therefore both decrease mRNA trans-
fection efficiency, as we have measured, and induce inflamma-
some activation, which we have confirmed in all previous
assays. These results provide further evidence that lysosomal
disruption, especially for LNP6, is driven by lipid nanoparticle
formulation, and the time-dependent ionization and mRNA
release by lipid nanoparticles may be a future design consider-
ation to tailor the expression of mRNA as well as adjuvancy
induced by inflammasome activation.

Discussion

In this study, we aimed to bridge the knowledge gap of mRNA
lipid nanoparticle immunogenicity by synthesizing and charac-
terizing a panel of six different LNP formulations, altering the
five key lipid components essential for mRNA encapsulation,

stability, and endosomal escape. We tested these formulations
using several cell-based assays, including IL-1β release, ASC
speck formation, inflammasome protein expression by western
blot, lysosomal rupture, and mRNA transfection and endo-
somal escape properties. After conducting these assays, we dis-
covered consistent activation of NLRP3 inflammasomes by
LNP6 (50% ionizable lipid, 20% cationic lipid, 10% phospholi-
pid, 18.5% cholesterol, 1.5% PEGylated lipid), LNP1 (45%
ionizable lipid, 23% cationic lipid, 10% phospholipid, 20%
cholesterol, 2% PEGylated lipid), and LNP4 (50% ionizable
lipid, 20% phospholipid, 28.5% cholesterol, 1.5% PEGylated
lipid), in the order of greatest extent. We furthermore provided
lysosomal rupture, the closely linked delaying of endosomal
escape and poor mRNA transfection capability, as well as the
independently observed mitochondrial ROS and calcium
influx pathways as key mechanisms involved in how these
nanoparticle lipid compositions resulted in different activation
profiles.

These results provided evidence of a reduced effect of
mRNA LNP size, charge, internalization, or solely ionizable
lipid or cationic lipid on the activation of inflammasomes like
has been previously hypothesized here and in other
literature.31,39 For example, the lack of activation by the posi-
tively charged LNP2, containing the highest amount of cat-
ionic lipid, and the activation by the neutrally charged LNP4
eliminated the possibility of activation being a solely charge-
based phenomenon. The highly activating LNP6 and LNP1
also exhibited similar internalization rates as LNP2 and 5,
eliminating internalization as the major inducing factor of
differing activation. However, a factor that may be crucial is
particle serum stability. Since there is a substantial nano-
particle size increase of LNP2 in human serum compared to
the other particles, it is possible that the presence of more
serum proteins results in earlier endosomal rupture.
Furthermore, both LNP4 and LNP5 contain the same amount
of ionizable lipid, but only LNP4 activates to an extended
degree, while LNP5 produces more potent mRNA transfection
and endosomal escape. These observations, along with the
biophysical characterization data, demonstrate that inflamma-
some activation is not entirely a result of size, charge, or cat-
ionic/ionizable lipid concentration but is heavily reliant on the
combined effects of each lipid and at each concentration in
the formulation. These effects dictate the conformation of the
nanoparticle and its ability to promote either endosomal or
lysosomal rupture caused by delaying the endosomal escape
capabilities of the highly active ionizable lipids into the lysoso-
mal stage. This was best exemplified by the high inflamma-
some activation but low mRNA transfecting LNP4 and LNP6,
which contain very high amounts of membrane-destabilizing
DLin-MC3-DMA. Although LNP4 did not induce significant
lysosomal rupture, and its reduced transfection efficiency is
correlated with low internalization, it is conceivable that some
of the lipid components in LNP6 delay endosomal disruption
until the late endosome/early lysosome stage, wherein mRNA
is degraded, and the ionizable lipid disrupts the lysosomal
membrane too late, causing the inflammasome activation

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2022 Biomater. Sci., 2022, 10, 5566–5582 | 5577

Pu
bl

is
he

d 
on

 0
9 

A
ug

us
t 2

02
2.

 D
ow

nl
oa

de
d 

on
 5

/7
/2

02
4 

7:
59

:2
7 

A
M

. 
View Article Online

https://doi.org/10.1039/d2bm00883a


observed in previous assays. This observation aligns with a
study conducted by Baljon et al.,31 which correlated low siRNA
knockdown and polymer ionizability with high inflammasome
activation and vice versa. Furthermore, a recent computational
study by Bruininks et al.40 studied the effect of cationic lipid
saturation on the ability of lipoplexes to induce endosomal dis-
ruption and release dsDNA to the cytosol. They discovered
that, compared to the unsaturated lipid DOTAP, which
induced potent dsDNA release, the saturated DPTAP induced
unusual folding properties to the lipoplex, causing the col-
lapsed fusing of hexagonal lipid structures in the core of the
lipoplex, thus completely terminating the lipoplex’s endo-
somal escape capabilities. This mechanism is likely at play in
LNP6 and LNP1, where, despite having high concentrations of
ionizable lipid, the saturated DPTAP induces core confor-
mational changes that delay ionization and disruption to the
lysosomal stage.

Interestingly, none of the LNPs containing high cholesterol
from 30–38.5% (LNP2, LNP3, and LNP5), the maximum
amounts tested, activated inflammasomes to a considerable
extent. Furthermore, just a 10% decrease in cholesterol
content from LNP5 to LNP4 induced much greater activation,
hinting at the sensitivity of cholesterol concentration on acti-
vation. It is likely that cholesterol hinders inflammasome acti-
vation, as many previous sources report a positive correlation
between cholesterol concentration and transfection efficiency
and, therefore, endosomal escape.6,7,41 For example, a study by
Pozzi et al. discovered dramatic increases in transfection
efficiency with increasing cholesterol concentration and deter-
mined that macropinocytosis is upregulated with increasing
cholesterol concentration, inducing earlier escape and lysoso-
mal evasion.7 Another study by Chen et al. discovered that
lipid fusion endosomal escape is a cholesterol concentration-
driven process, where the cholesterol promotes and stabilizes
local bilayer negative curves (bending) of fused lipid mem-
branes.8 As per our developed hypothesis, increasing chole-
sterol concentration and, therefore, endosomal escape would
reduce the ability of nanoparticles to exhibit lysosomal rupture
to induce inflammasome activation.

Conclusions

In summary, we provide a molecular-level analysis into the
innate immunological responses to mRNA lipid nanoparticles
in the form of NLRP3 inflammasome activation, one of the
most important cellular inflammatory pathways, which results
in the upregulation of IL-1β cytokine, a key signaling molecule
involved in several innate inflammatory responses.
Furthermore, we also identify mRNA lipid nanoparticle com-
position as a novel contributor to Nanoparticle-Associated
Molecular Patterns (NAMPs) that activate signal 2 of NLRP3
inflammasomes. With the determination of ionizable lipid,
cationic lipid, and cholesterol as playing critical roles in this
activation, which was determined to be predominantly
because of the delay of endosomal rupture/fusing until the

lysosomal stage, it is evident that this novel NAMP is a multi-
component phenomenon. Furthermore, our results suggest
lipid composition and formulation as leverage between early
mRNA release and reduced immunogenicity, and more mRNA
degradation. Finding an efficient balance between the two, as
to induce potent enough translation while activating inflam-
masome, may provide a new avenue for mRNA vaccine self-
adjuvanticity.

Experimental
Materials/reagents

All reagents were purchased from commercial suppliers. For
lipid components, 4-(dimethylamino)-butanoic acid, (10Z,13Z)-
1-(9Z,12Z)-9,12-octadecadien-1-yl-10,13-nonadecadien-1-yl ester
(DLin-MC3-DMA) was purchased from MedChemExpress, and
cholesterol was procured from Fisher Scientific. All the other
lipids, such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-dipalmitoyl-3-trimethylammonium-propane
(DPTAP), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethylene glycol)-2000] (DSPE-PEG (2000)-Amine)
were purchased from Avanti Polar Lipids. For encapsulated
species, DiIC18(5); 1,1′-dioctadecyl-3,3,3′,3′- tetramethyl-
indodicarbocyanine, 4-chlorobenzenesulfonate (DiD) far-red
lipophilic dye was purchased from Biotium, and DasherGFP
mRNA was purchased from Aldevron. Amicon Ultra-0.5 3k
microcentrifuge filters were purchased from Millipore Sigma.
Lipofectamine MessengerMAX, Quant-it Ribogreen RNA Assay
kit, and Uncoated Mouse IL-1β ELISA kits were purchased from
ThermoFisher. Ultrapure lipopolysaccharide (LPS) and nigericin
were purchased from Invivogen and Sigma Aldrich, respectively.
For western blot antibodies, anti-mouse NLRP3 antibody (Cryo-
1), anti-rabbit ASC antibody (AL177), and anti-mouse Caspase-1
(p20) antibody (Casper-1) were purchased from Adipogen Life
Sciences. Anti-rabbit N-terminal GSDMD antibody was pur-
chased from Abcam, anti-mouse β-Actin antibody was pur-
chased from Biolegend, and anti-cathepsin-B antibody was pro-
cured from Invitrogen. For secondary antibodies, anti-mouse
and anti-rabbit IgG conjugated to HRP was purchased from Cell
Signaling Technologies. Reagents for lysate sample prep; RIPA
lysis buffer, halt protease and phosphatase inhibitor cocktail
ETDA free (100×) and Alpha Aesar Laemmli SDS 4× sample
reducing buffer were purchased from ThermoFisher. TGX
Strain-Free FastCast Acrylamide Kit, 10% and Clarity One ECL
Substrate were purchased from Biorad. All chemicals used to
make western blot buffers were procured from Sigma Aldrich,
including TRIZMA base, sodium dodecyl sulfate, glycine,
sodium chloride, Tween 20, bovine serum albumin (BSA),
methanol, and 2-mercaptoethanol. For cell culture, Dulbecco’s
modified Eagle’s media (DMEM), fetal bovine serum (FBS),
and Penicillin–Streptomycin antibiotic cocktail were procured
from Gibco Life Technologies. Cell staining compounds
including propidium iodide, CellTrace CFSE, NucBlue
LiveReadyProbesReagent, Lysotracker Red DND-99, MitoSOX
Red, and Fluo-4AM were purchased from ThermoFisher.
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Methods

Synthesis of mRNA lipid nanoparticles (LNPs) for NLRP3
inflammasome screening and transfection. All six LNP formu-
lations were synthesized via the ethanol dilution method. In
this method, stock solutions of DLin-MC3-DMA, DPTAP,
DPPC, DSPE-PEG (2000)-Amine and cholesterol were made in
molecular biology grade ethanol. For each LNP, the lipid stock
solutions were mixed to achieve the desired molar ratio of
lipids for the formulation. To form LNPs, these ethanol-lipid
mixtures were added dropwise into 5 mM sodium citrate at a
3 : 1 v/v ratio of sodium citrate to the ethanol-lipid mixture,
and then rapidly pipette mixed and left to sit at room tempera-
ture for 15 minutes. For screening experiments, the LNPs were
diluted to a final volume of 0.5 mL in 1× PBS and purified via
centrifuge filtration in Amicon Ultra 0.5 3 kD centrifugal filters
at 14 000g and 4 °C for 45 minutes. The concentrate was then
diluted in 1× PBS to the same volume as before initial dilution
and centrifugation. For imaging and internalization flow cyto-
metry, LNPs encapsulating DiD dye were made in the same
manner as previously described, but 3 mol% DiD dye was dis-
solved in ethanol along with the ethanol-lipid mixture. If
forming LNPs for mRNA transfection in vitro, a similar pro-
cedure was followed, but the ethanol-lipid mixture was
hydrated in 10 mM sodium acetate, pH 4.5 containing GFP
mRNA in a 1 : 16 weight ratio of mRNA to total lipids. No puri-
fication or dilution was necessary for transfection
experiments.

LNP size characterization. LNP size was determined by
Dynamic Light Scattering (DLS) using a Malvern Nanozetasizer
ZS90. For this, 10 μL of LNP solution was diluted in 990 μL of
1× PBS. The DLS samples were then vortexed and pipetted into
disposable cuvettes for readings. Unless otherwise stated,
intensity Z-average size was used to determine average particle
sizes, and the intensity stats table was used to plot the sizes.

LNP zeta potential. For all zeta potential measurements,
10 μL of LNP was diluted in 990 μL of milliQ and aliquoted
into disposable zeta cuvettes using 1 mL syringes for readings
using the Nanozetasizer.

Serum stability of LNP. For serum stability, 20 μL of human
serum was mixed with 180 μL of LNP and constantly mixed on
a rotary mixer at room temperature. At the time points 0 h,
1 h, 2 h, 4 h, 8 h, and 24 h, 10 μL of LNP in serum was diluted
in 990 μL of Milli-Q water, vortexed, and pipetted into disposa-
ble cuvettes for DLS readings as previously described. Intensity
Z-averages were used to determine serum stability particle size.

Cell culture. Unless otherwise stated, all in vitro experiments
were conducted with immortalized bone marrow-derived
macrophages (iBMDMs) engineered to express ASC tagged
with a CFP fluorescing residue. These cells were a gift from
Dr Kate Fitzgerald from the University of Massachusetts Chan
Medical School. Also procured from Dr Fitzgerald were NLRP3
and Caspase-1 Knockout iBMDM cell lines. HEK293T cells
were used as a highly expressing cell line for mRNA transfec-
tion experiments to compare as a positive control against hard
to transfect iBMDMs. These cells were a gift from

Dr Dominique Alfandari from the Veterinary and Animal
Sciences Department at the University of Massachusetts,
Amherst. All cells were cultured in DMEM media sup-
plemented with 10% v/v FBS and 1% v/v antibiotic cocktail
consisting of penicillin (50 μg mL−1) and streptomycin (50 μg
mL−1). Each cell line was passaged every three days. For
passing, the cells were split by detachment with 0.25% trypsin-
EDTA in 1× PBS and seeded in a T-75 at a 1/6 seeding ratio.

IL-1β ELISA assay. For IL-1β ELISA inflammasome activation
screening, iBMDMs were seeded to achieve a density of
160 000 cells per well in a 96 well plate. Once this density was
reached, the cells were primed with 100 ng mL−1 LPS for
4 hours to induce signal 1 of inflammasome activation. After
4 hours, the cells were treated with LNPs or 10 μM nigericin as
a positive control (24 hours for particles, 1 hour for nigericin),
activating signal 2 of the inflammasome. Two concentrations
of LNP were tested for IL-1β activation: 100 and 200 μM of the
most abundant lipid in the formulation. For example, for
LNP1, LNP4, LNP5, and LNP6, LNPs were added to achieve a
concentration of 100 or 200 μM DLin-MC3-DMA, and likewise
for LNP2 and LNP3 but with DPTAP and DPPC, respectively.
These concentrations were chosen to be representative of the
average in vitro dose of ionizable lipid administered for a 5 μg
mL−1 dose of mRNA. After 24 hours, the cell supernatant was
collected and assessed for IL-1β release using the Invitrogen
Mouse IL-1β ELISA kit following the manufacturer’s protocols.

Internalization flow cytometry. For internalization flow cyto-
metry, iBMDMs were stained using 2 μM CFSE according to
the manufacturer’s protocol and then plated to a density of
1 000 000 cells per well in a 12 well plate. At the desired
density, the cells were incubated with DiD-encapsulating LNPs
at a dose of 100 μM principal lipid for 2 hours. Following incu-
bation, the cells were washed and scraped in 1× PBS, centri-
fuged at 2000 rpm for 5 minutes, and resuspended in 100 μL
PBS to run using an ACEA Novocyte Flow Cytometer.
Internalization was determined by counting the number of
double-positive cells, analyzed using NovoExpress software.

Light microscopy for ASC speck imaging. iBMDMs were
seeded to achieve a density of 800 000 cells in an entire 8-well
chambered coverslip. At the desired cell density, cells were
treated with 100 ng mL−1 LPS for 4 hours, followed by 100 μM
LNP dosage, as previously described, for 13 hours. Nigericin
was added to the positive control wells 2 hours prior to
imaging. After LNP incubation, the cells were stained with
NucBlue (2 drops per mL) and propidium iodide (2 μg mL−1),
incubated at 37 °C for 15 minutes and imaged at 20× magnifi-
cation on a CREST v2 TIRF Spinning Disc Confocal
Microscope.

Light microscopy for internalization and lysosomal rupture.
As previously, iBMDMs were seeded to a density of 800 000
cells in an entire 8-well chambered coverslip. At the desired
density, cells were treated with 100 μM DiD-encapsulating
LNPs for 4 hours. Following particle incubation, the cells were
stained with NucBlue (2 drops per mL) and Lysotracker Red
DND-99 (0.1 μM) for 30 minutes, followed by the addition of
fresh media with only NucBlue and imaging at 20× magnifi-
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cation on a CREST v2 TIRF Spinning Disc Confocal
Microscope.

Light microscopy for calcium influx. As followed for previous
microscopy experiments, iBMDMs were seeded to a density of
800 000 cells in an entire 8-well chambered coverslip. At the
desired density, cells were treated with 100 ng mL−1 LPS for
4 hours to induce signal 1, followed by 100 μM select inflamma-
some activating nanoparticles for 2 hours. Following particle
incubation, the cells were stained for intracellular calcium with
2.5 μM Fluo-4AM dye in CPBS (1× PBS with CaCl2 and MgCl2),
and then NucBlue (2 drops per mL) in fresh media for
10 minutes. The slides were the imaged at 20× magnification on
a CREST v2 TIRF Spinning Disc Confocal Microscope.

Flow cytometry for mitochondrial ROS production. To quan-
tify the increase in mitochondrial ROS production in response
to the signal 2 activation of the nanoparticle treatment groups,
iBMDMs were plated to a density of 1 000 000 cells per well in
a 12 well plate. At this desired density, the cells were primed
with 100 ng mL−1 LPS followed by 100 μM nanoparticle or
10 μM nigericin as a positive control for 2 hours. Following
incubation, the cells were stained with 1 μM MitoSOX Red in
HBSS for 20 minutes. After staining, the cells were washed
twice and then scraped in 1× PBS/HBSS, centrifuged at 2000
rpm for 5 minutes, and resuspended in 100 μL FACS staining
buffer to run on an ACEA Novocyte Flow Cytometer. The events
were gated following the first peak in fluorescence in the nega-
tive control sample (LPS) and increases in fluorescence were
measured in Median Fluorescence Intensity (MFI).

Immunoblotting analysis. For western blot sample prep,
iBMDMs were seeded in 60 mm Petri dishes to achieve a
density of 3.2 million cells at the time of treatment. At this
density, cells were primed with 100 ng mL−1 LPS for 4 hours
and then treated with LNP in basal DMEM for 24 hours at
100 μM principal lipid dose, as previously described. After
24 hours, the supernatant was collected and supplemented with
0.1 mM PMSF for storage at −80 °C. Next, the cells were washed
and scraped in 1× PBS and centrifuged at 2000 rpm for
5 minutes. Cell samples were then resuspended in 200 μL RIPA
lysis buffer containing protease inhibitor and kept on ice while
vortexing every 5 minutes for 30 minutes. The resultant lysate
was then briefly sonicated, centrifuged at 10 000 rpm for
15 minutes at 4 °C to remove cell debris, and stored at −80 °C.
Prior to use, protein lysate and supernatant concentrations were
determined using BCA estimation. Equal amounts of protein
from each sample were then separated using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a poly(vinylidene fluoride) (PVDF) membrane.
Following blocking for 2 hours with 5% skim milk in TBST, the
membranes were incubated with primary antibody diluted
1 : 1000 in TBST with 1% BSA overnight at 4 °C. Blots run using
lysate protein samples were tested for NLRP3, Caspase-1, ASC,
inactive and active GSDMD, and β-Actin. Supernatant samples
were tested for inactive and active Caspase-1. After overnight
incubation, the membranes were washed with TBST and incu-
bated with HRP-conjugated secondary antibody (1 : 2000) in
TBST with 1% BSA for 1 hour at room temperature. After final

washing, the blots were developed by incubating in Biorad ECL
Clarity substrate for 5 minutes, and the immunofluorescent
bands were imaged using a Biorad ChemiDoc Imaging System.
The blots were then analyzed using Biorad Image Lab and
quantified using ImageJ software.

MTS cytotoxicity assay. To determine non-specific cell viabi-
lity percentage to correlate with the pyroptosis observed in the
previous assays, we conducted an MTS assay (one step MTT
assay). For this, we seeded cells to be confluent at a density of
160 000 cells per well in a 96 well plate. After achieving the
desired density, the cells were treated with 4 h LPS at 100 ng
mL−1 followed by 100 μM nanoparticle treatments for 24 hours.
After 24 hours, media was replaced with fresh colorless basel
DMEM, and treated with 20 μL PMS and MTS at a 1 : 20 ratio
and left to incubate for 45 minutes. Cell viability was determined
with LPS and nanoparticle untreated samples as a baseline.

Evaluation of mRNA encapsulation. GFP mRNA encapsula-
tion was determined using the Thermo Fisher Quant-it
RiboGreen RNA Assay. For this, two LNP samples were diluted
100-fold in 1× TE buffer, with one sample being treated with
2% Triton-X 100 surfactant to lyse the LNPs. The fluorescence
signals of the non-lysed LNPs, indicating unencapsulated
mRNA, as well as the lysed particles, indicating total mRNA
concentration, were used to adequately calculate the average
encapsulation efficiencies of each particle.

mRNA transfection using flow cytometry. To determine the
transfection efficiency of GFP mRNA-encapsulating LNPs,
iBMDMs and HEK293Ts were plated to achieve a density of
1 000 000 cells per well at the time of LNP treatment in separ-
ate 12-well plates. LNPs formulated with 5 μg mL−1 doses of
mRNA were added to cells at the desired density.
Lipofectamine MessengerMAX was used as a positive control
to transfect the cells according to the manufacturer’s protocol.
After 24 hours, the cells were scraped in 1× PBS, spun at 2000
rpm for 5 minutes, and resuspended in 100 μL 1× PBS to run
using an ACEA Novocyte Flow Cytometer. Transfection
efficiency as well as median fluorescence intensity were both
determined by gating events in NovoExpress software. These
values were subsequently normalized by the average encapsu-
lation efficiency of each LNP determined by RiboGreen, to
account for differences in mRNA doses administered due to
differing encapsulation efficiencies of the LNP formulations.

Statistical analysis. Unless otherwise stated, statistics were
computed using ordinary one-way ANOVA analysis (GraphPad
Prism 8). All the results were expressed as mean ± S.E.M (Standard
Error of the Mean), and P < 0.05 was considered to be significant.

Live subjects statement

All institutional and national guidelines were followed for all
the experiments and approved by the UMass Institutional
Animal Care and Use Committee (IACUC). All experiments
were performed in accordance with Guide for the Care and
Use of Laboratory Animals and approved by the ethics commit-
tee at the University of Massachusetts Amherst.
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