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Protein Corona Formation on Lipid Nanoparticles Negatively Affects
the NLRP3 Inflammasome Activation

Mabharshi Debnath, James Forster, III, Anujan Ramesh, and Ashish Kulkarni*

I: I Read Online

Article Recommendations |

Cite This: Bioconjugate Chem. 2023, 34, 1766-1779

ACCESS |

ABSTRACT: The interaction between lipid nanoparticles (LNPs) and serum
proteins, giving rise to a unique identification in the form of the protein corona, has
been shown to be associated with novel recognition by cell receptors. The presence
of the corona enveloping the nanoparticle strongly affects the interplay with immune
cells. The immune responses mediated by protein corona can affect nanoparticle
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toxicity and targeting capabilities. But the intracellular signaling of LNPs after corona ' '

formation resulting in the change of nanoparticles’ ability to provoke immune . &
responses remains unclear. Therefore, a more systematic and delineated approach oA N-GSDMD
must be considered to present the correlation between corona complexes and the o Caspase-l{&p&
shift in nanoparticle immunogenicity. Here, we studied and reported the inhibiting j;o T R

effect of the absorbed proteins on the LNPs on the NLRP3 inflammasome
activation, a key intracellular protein complex that modulates several inflammatory
responses. Ionizable lipid as a component of LNP was observed to play an important
role in modulating the activation of NLRP3 inflammasome in serum-free conditions.
However, in the presence of serum proteins, the corona layer on LNPs caused a significant reduction in the inflammasome
activation. Reduction in the lysosomal rupture after treatment with corona-LNPs significantly reduced inflammasome activation.
Furthermore, a strong reduction of cellular uptake in macrophages after the corona formation was observed. On inspecting the
uptake mechanisms in macrophages using transport inhibitors, lipid formulation was found to play a critical role in determining the
endocytic pathways for the LNPs in macrophages. This study highlights the need to critically analyze the protein interactions with
nanomaterials and their concomitant adaptability with immune cells to evaluate nano—bio surfaces and successfully design
nanomaterials for biological applications.

Reduced NLRP3
inflammasome activation

NLRP3 inflammasome
activation

B INTRODUCTION
Recently, lipid nanoparticles (LNPs) have emerged in the

some proteins having high binding energy get adsorbed almost
irreversibly, giving rise to the hard corona, some proteins show
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pharmaceutical industry as a promising means of delivering a
wide range of therapeutics.”” The success of LNPs in
providing controlled and targeted drug delivery in specific
locations within the body has brought them to the forefront of
drug delivery research and development.’™> Several formula-
tions of LNPs have been developed for the controlled release
of small molecule drugs, siRNA, and mRNA.>*” However,
there are still some challenges associated with using LNPs as
drug delivery systems, such as their stability, potential toxicity,
and, most importantly, their interaction with the immune
system.” The undesirable recognition of LNPs by the immune
system and subsequent immunotoxicity have been a constant
hindrance to their use in clinical trials.”™** Thus, controlling
the interaction between nanocarriers and immune cells needs
to be prioritized for developing an efficient LNP-based drug
delivery platform."”

Nanoparticles, when in the bloodstream, absorb proteins in
the surroundings to form a complex termed protein corona.”"”
This protein adsorption has been studied and described as a
dynamic process where proteins get adsorbed and desorbed
depending on their affinities for the nanosurface.'* Whereas
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only a little affinity and stay loosely bound to form the soft
corona."”” Importantly, this phenomenon of protein corona
formation controls the toxicity, biodistribution, cellular uptake,
and interfacial properties of nanoparticles, thus giving them a
distinct biological identity.'®'” This new identity can affect the
nanoparticle—cell interaction by exhibiting novel interactions
with cell receptors.'® The adsorption process is a complex
phenomenon that is dependent on several factors. Size, shape,
hydrophobicity, and surface charge of the nanoparticles all
contribute to the corona composition,”'? which eventually
determines the ultimate fate of the nanoparticles.”” In many
cases, the protein corona has been found to interact with the
immune cells where opsonins like complement proteins,

Received: July 21, 2023 Bl
Revised: ~ September 1, 2023 g
Published: September 14, 2023

https://doi.org/10.1021/acs.bioconjchem.3c00329
Bioconjugate Chem. 2023, 34, 1766—1779


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maharshi+Debnath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Forster+III"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anujan+Ramesh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashish+Kulkarni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.bioconjchem.3c00329&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.3c00329?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.3c00329?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.3c00329?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.3c00329?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.3c00329?fig=abs1&ref=pdf
https://pubs.acs.org/toc/bcches/34/10?ref=pdf
https://pubs.acs.org/toc/bcches/34/10?ref=pdf
https://pubs.acs.org/toc/bcches/34/10?ref=pdf
https://pubs.acs.org/toc/bcches/34/10?ref=pdf
pubs.acs.org/bc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.3c00329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/bc?ref=pdf
https://pubs.acs.org/bc?ref=pdf

Minimal

o-@» Pro-Caspase-1
8@ ASC

~

Less

Bioconjugate Chemistry pubs.acs.org/bc
LNP-1 with no Lipid LNP-2 with . .
£ Griabe i ™ Nanoparticles ™80 ralar 5~ ;  Protein Corona
: ionizable lipid :
. E 4 @ + L
i &3 V LNP Proteins
: Protein
— LNP-1 . LNP-2 : Corona
; ( : @ Membrane pore | o
N : : C
= H Al A) Caspase-1 IL-18 4 \\/
= : & N—GfDMD ;
. m (: :) o G :
5 (@ \— | : \
' :GO 4/ \ NF-KB \J\\:\j/ I / ﬁ ¢
(8Os e

lysosomal rupture } m
..., 3¢ 0]

Less inflammaspme
activation i

-

000000000 N RP3
@ Pro-IL-1B8 —F ¢ 1

£5 Inactive GSDMD

“o......
; ' internalization
>—/ \ ! and reduced
lysosomal
rupture
A

Figure 1. Schematic showing the pathway for inflammasome activation by lipid nanoparticles and protein corona. (A) The toll like receptor 4 can
recognize lipopolysaccharide to initiate signal-1 and trigger the downstream process to (B) activate NF-KB that causes (C) transcription of inactive
inflammasome proteins NLRP3 and pro-IL-1B. Required signal-2 is provided by two lipid nanoparticle formulations shown as LNP1 and LNP2 (D,
E) having no ionizable lipid and SO molar % ionizable lipid, respectively, which depending on the biophysical characteristics will internalize and
rupture lysosomal membrane to (F) activate the inflammasome complexation to different extents. This in turn triggers the proteolytic cleavage of
pro-caspase-1, pro-IL-1f3, and gasdermin D in their active forms, thus forming pores on the cell surface and finally resulting in cytokine release (G)
to cause cell death by pyroptosis. However, protein corona formation results in reduced endocytosis in macrophages and (H) significantly
decreased lysosomal rupture. This combined effect causes inflaimmasome deactivation.

immunoglobulins, and apolipoproteins play an important role
in detecting nanoparticles by macrophages.12 Furthermore,
proteins absorbed on the nanosurface can undergo structural
changes under the influence of pH."” The unfolded protein
structure on the corona has been shown to be strongly
correlated with the reactive oxygen species (ROS) level and
the subsequent activation and deactivation of proinflammatory
cytokines.”" Also, protein corona has been shown to be a key
player in modulating macrophage phenotype repolarization.””
Therefore, there is a crucial need to have a deeper
understanding of the possible consequences of protein corona
formation on the immune system to design an efficient
nanoparticle-based therapeutic agent.

It is also being elucidated that the corona proteins can
interact with the innate immune system to regulate cellular
stress and damage signals via the regulation of inflamma-
somes.”’ Here, we tried to conduct a systematic study to find
the effect of the protein corona on the NLRP3 inflammasome
complex, which gets activated by various stress and damage
signals in immune cells.””*> The NLRP3 inflammasome is an
important target for investigation as several diseases like
rheumatoid arthritis, Parkinson’s disease, Alzheimer’s disease,
atherosclerosis, etc., are linked to it.”° This multimeric protein
complex potentially needs two signals for its activation. Signal-
1 is called the priming (Figure 1A), where receptors on the
surface of macrophages like toll-like receptor 4 (TLR4) can
sense lipopolysaccharide (LPS), activating the transcription
factor NFkB (Figure 1B), which induces the production of
inactive proteins like NLRP3 and pro-IL14*"** (Figure 1C). It
is only in the presence of signal-2 (Figure 1D,E), which can be
in the form of cellular stress signals, that these inactive proteins
oligomerize to form the NLRP3 inflammasome (Figure 1F).
Its activation cleaves active caspase-1 and IL-1/ and allows the
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GSDMD to promote the release of these proinflammatory
cytokines in an immunogenic cell death process called
pyroptosis™”* (Figure 1G). Although it is well studied that
several nanomaterials can nonspecifically activate inflamma-
some,”* their effective outcome upon corona formation on
the inflammasome activation is unknown. An approach is yet
to be taken to govern the underlying molecular mechanism of
how protein corona affects inflammation. Furthermore, the
role of the lipid formulation on the corona composition and its
subsequent interaction with immune cells also requires
attention.

In this study, we engineered two lipid-based nanoparticle
formulations (LNPs) by varying the concentration of each
lipid constituent. Experiments were performed to quantify the
hard corona proteins in each LNP upon incubation with
serum. An extensive study was conducted to investigate the
change in the immunogenicity of the LNPs due to the protein
adsorption phenomena by measuring the activation of the
NLRP3 inflammasome complex in LPS-primed immortalized
bone-marrow-derived macrophages (iBMDMs). Interestingly,
a suppressed activation of the NLRP3 inflammasome complex
was observed upon protein corona formation. We analyzed
various pathways and validated the reduced lysosomal rupture
(Figure 1H) as the primary reason for the diminished
activation of NLRP3 inflammasome. The trend in the
observations was confirmed by several experiments involving
IL-15 release, ASC speck formation, lysosomal rupture, and
internalization. The potential mechanisms of cellular uptake of
each LNP were also analyzed and compared in the presence
and absence of serum proteins. We found a strong involvement
of lipid constituents and corona proteins in the endocytic
pathway. Overall, the study provides evidence for the potential
of protein corona to interfere with innate immune responses
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Figure 2. Synthesis and characterization of two different lipid nanoparticle systems. (A) Schematic of the ethanol dilution method using five
different lipids. DL in MC3 DMA (ionizable lipid), DPTAP (cationic lipid), DSPE-PEG amine (PEGylated lipid), DPPC (phospholipid), and
cholesterol (C27H460) are dissolved in ethanol. Sodium citrate buffer (S mM) is used as the aqueous phase followed by rapid mixing to form the
LNPs. (B) Chart showing the molar percentage of each of the different lipids used in the formulation of LNP system. (C) LNP/corona sizes were
determined by dynamic light scattering using the intensity Z-average size. Data shown are +S.E.M. (n = 3). (D) Intensity percent plots for the size
of LNP and protein corona. (E) Zeta potential of the LNP/corona as determined by dynamic light scattering. Changes in LNP and protein corona
size in PBS over (F) 24 h and (G) 6 days. (H) Changes in the zeta potential for LNP/corona over 24 h. (I) Cryo-TEM images of LNPs with and
without corona (i) LNP2, (ii) LNP2-PC, (iii) LNP1, and (iv) LNP1-PC.

actively. A far-reaching implication of the work is expected to
aid in determining the appropriate lipid formulation to regulate
the corona layer formation and thus achieve a controlled
inflammasome activation.

B RESULTS AND DISCUSSIONS

Synthesis and Characterization of Lipid Nanopar-
ticles with Varying Lipid Compositions for Protein
Corona Formation and NLRP3 Inflammasome Explora-
tion. The protein corona was formed on two different LNP
systems, and their effect on NLRP3 inflammasome was
analyzed. The two nanoparticles were formed by methodically
varying the molar percentage of the five primary lipid
constituents: ionizable lipid, cationic lipid, phospholipid,
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PEGylated lipid, and cholesterol (Figure 2A). 4-(Dimethyl
amino)-butanoic acid, (10Z,13Z)-1-(9Z,12Z)-9,12-octadeca-
dien-1-yl-10,13-nonadecadien-1-yl ester (DLin-MC3-DMA),
as approved by the US Food and Drug Administration
(FDA) for clinical use for small interfering RNA (siRNA)
delivery””** and also known to interfere with NLRP3
inflammasome activation,” was chosen as the ionizable lipid.
1,2-Dipalmitoyl-3-trimethylammonium-propane chloride
(DPTAP), known to enhance loading in the lipid bilayer for
drug delivery®® and also to activate inflammasome,*® was used
as the cationic lipid. Surfactant constituent 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) was picked to be used as
the phospholipid. Cholesterol, which contributes to the lipid
raft stability and organization,”” and 1,2-distearoyl-sn-glycero-3-
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phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG (2000)-Amine) were used as the other two
lipids. The primary rationale behind the lipid formulation was
to plump for the two ends of the spectrum to vary the ionizable
lipid from 0 molar percent in LNP1 to 50 molar percent in
LNP2 (Figure 2B). On the other hand, the cationic lipid
concentration varied from 50 to 20 mol % from LNP1 to
LNP2 (Figure 2B). All the lipids were dissolved in ethanol, and
sodium citrate was used as the aqueous phase to form the
LNPs by the ethanol dilution method. Once the nanoparticles
were formed, the sizes were confirmed by dynamic light
scattering (DLS). The sizes of LNP1 and LNP2 were found to
be 162.59 + 16.6 and 181.2 + 10.4 nm, respectively (Figure
2C). Both LNP1 and LNP2 were then incubated with rat
serum to form their corresponding protein corona. The size of
the corona complexes was measured by DLS before isolating
the hard corona, which is shown in Figure 2C,D. Interestingly,
there is an equivalent negative shift in the zeta potential due to
the protein corona formation (Figure 2E). Serum proteins are
negatively charged at a pH of 7, and therefore, their
accumulation on the LNP surface might cause the zeta
potential to decrease.”® The stability of the LNPs was
examined by measuring the changes in size and zeta potential
over a period of 6 days (Figure 2F—H). The LNP systems
were found to be stable for that period, whereas there was an
increase in the size of the corona over time. This can be
attributed to the fact that the adsorption equilibrium shifts
toward the proteins with high affinities for LNP surface from
the initial abundant proteins in the serum,” and thus, the
unbound or the loosely bound proteins readily detach from the
nanoparticle surface, causing aggregation.

Determination of Hard Corona Composition. The
proteins adsorbed on both nanoparticles were identified and
quantified using liquid chromatography—tandem mass spec-
trometry (LC—MS/MS). The LNP—corona complexes were
ultracentrifuged to remove the unbound proteins and obtain
the hard corona (HC). The proteins in the HC were then
eluted followed by the addition of trypsin to digest them into
peptides before analysis (Figure 3A). The proteins were sorted
as per the Peptide Spectral Match (PSM) value to calculate the
percenta(%e of total bound proteins on the nanoparticle
surface.”” About 170 proteins were identified for LNP1 and
LNP2, among which the top 20 most abundant proteins were
listed (Figure 3B). They constituted roughly 70% of the total
bound proteins. Interestingly, the top 20 most abundant
proteins were the same for LNP1 and LNP2, but the order of
abundance varied significantly for certain proteins (Figure 3C).
The abundances of proteins in LNP1 and LNP2 individually
are shown through pictograms (Figure S1). It implies that
certain proteins like apolipoproteins and complement proteins
are found in abundance in all nanomaterials, but the abundant
proteins are not always the same.'” The difference in the
corona composition for the LNPs suggests the possibility of
the protein content having an impact on both the mechanisms
of internalization'® and intracellular signaling pathways.*" Also,
the potential of a protein to efficiently get absorbed on the
surface of nanoparticles was not found to be dependent on the
availability of the proteins in serum. For example, the normal
range of complement protein is about 1—2% in rat serum,
whereas it formed 7—8% of the total bound proteins in LNP1
and LNP2. On the other hand, albumin in serum proteins
constituting about 40% of the total proteins formed only 5—6%
of the hard corona. This can be explained by the kinetics of the
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Figure 3. Quantification of corona proteins. Relative protein
abundance (RPA) of plasma proteins identified in the respective
LNPs by quantitative LC—MS/MS. (A) Schematic representation of
hard corona quantification. (B) Tabular representation of the 20 most
abundant proteins identified in LNP1-PC and LNP2-PC with their
percentages. (C) Comparison of the most abundant proteins in
LNP1-PC and LNP2-PC. Each value is the average of triplicate +
standard deviation within a single experiment. 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.

adsorption process, where both the concentration and the
binding energy of a protein—nanoparticle complex determine
the affinity of a protein to a nanomaterial."> Also, in coherence
with previous studies,"”** considerably large amounts of
complement, apolipoproteins, and immunoglobulins were
identified in the corona formed on lipid nanoparticles.
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Figure 4. LNPs showing different levels of inflammasome activation. Protein corona formation results in a reduction of inflammasome activation
for activating LNP. (A) Schematic showing the experiment setup to quantify the inflammasome activation by measuring the release of IL-1B. (B)
IL-1p release in the supernatant of LPS primed iBMDMs incubated with two different LNPs and their corresponding protein corona for 24 h
quantified by ELISA. Data shown are +£S.E.M. (n = 3). Statistical analysis was performed with one-way ANOVA followed by Tukey post-test. ns:
not significant, *p < 0.0S, **p < 0.01, ****p < 0.0001. (C) We confirmed the involvement of the NLRP3 inflammasome in IL-1/ release by
incubating LNPs with NLRP3 and caspase-1 knockout iBMDMs, as well as iBMDMs unprimed with LPS, showing minimal activation. Data shown
are £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. (D) 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 fluorescence 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 um. (E)
Quantification of ASC specks after 12 h LNP and PC incubation normalized by the total number of live cells counted by the NucBlue signal. Data
shown are +£S.E.M. (n = 3). Statistical analysis was performed with one-way ANOVA followed by Tukey post-test. ns: not significant, *p < 0.0S.

Interaction of the Protein Corona with the NLRP3 provider for NLRP3 inflammasome activation,”” at a
Inflammasome Complex. On the basis of previous studies, concentration of 10 yM was used as a positive control for
nanoparticles without protein corona show nonspecific binding the IL-1f3 study. In accordance with previous findings,””***’
to the immune cells in a serum-free environment. But upon the the nanoparticle with higher ionizable lipids was found to
formation of the corona, these nonspecific bindings are significantly result in IL-1/ secretion, whereas the one with no
minimized because of protein adsorption and instead give ionizable lipid showed minimal IL-1f secretion. Next, we
rise to specific bindings that are governed by the proteins on wanted to explore how protein adsorption affects nanoparticle
the nanoparticle surface.*** Proteins of the hard corona have interaction with macrophages. As recent studies'®>"”'
higher binding energy, and thus, they can have high enough demonstrate the protein corona to be a complex that gives
residence time to influence biological interplay. Some proteins an entirely new identity to the nanoparticle resulting in the loss
can also bind to the nanoparticle surface irreversibly.** Corona of targeting characteristics, thus affecting both the pharmaco-
proteins are capable of inducing the secretion of proin- kinetics and stability of a nanocarrier, we hypothesized that the
flammatory cytokines like IL-18,>® thus indicating the shielding effect by the proteins could have an obstructing role
activation or suppression of inflammasome. In this study, we in NLRP3 inflammasome activation. To investigate this, LPS-
have explored the role of protein corona on NLRP3 primed iBMDMs were used as an in vitro model. After treating
inflammasome complex by quantifying the IL-1f3 release, the cells with 100 ng/mL of LPS for 4 h to effectively provide
which directly correlates to inflammasome activation (Figure signal-1, the cells were incubated with LNPs and their corona
4A). First, the IL-15 concentration from LPS primed cells was complex at the same concentration of 200 ug/mL. The
measured upon 24 h of incubation with pristine nanoparticles supernatants were collected after 24 h and tested for IL-1/
at a concentration of 200 pug/mL of total lipids in serum-free concentration by an enzyme-linked immunosorbent assay
media (Figure 4B). Nigericin, which is a strong signal-2 (ELISA). We observed that protein corona formation results
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Figure S. Protein corona reduces internalization and lysosomal rupture. (A) LNP internalization was determined by incubating DiD-loaded LNPs
in CFSE-stained iBMDM:s at 37 °C and analyzing the number of CFSE-positive events expressing APC signal and DiD positive cells indicating
internalization of DiDloaded LNPs using flow cytometry. Data shown are +S.E.M. (n = 3). (B) Relative and superimposed internalization of LNPs
and protein corona in iBMDMs from flow cytometry. (C) Representative fluorescence microscopy imaging of iBMDMs treated with DiD-
encapsulating LNPs for 4 h and stained with NucBlue and Lysotracker Red DND-99. Blue fluorescence correlates with stained nuclei by NucBlue,
green fluorescence signifies lysosomes, and pink fluorescence signifies internalized DiD-LNPs. Scale bar: 100 ym. (D) Quantification of lysosomal
fluorescence intensity normalized by internalized DiD particles quantified by CyS fluorescence. Data shown are £S.E.M. (n = 3).

in a reduction of NLRP3 inflammasome activation (Figure
4B). This effect was found to be more prominent for LNP2
(1.7-fold reduction), which can potently cause NLRP3
inflammasome activation in serum-free media. Next, we
wanted to inspect the NLRP3 oligomerization leading to
caspase 1 activation and, thus, the involvement of NLRP3 and
caspase 1 protein in the signaling pathway causing IL-15
secretion. To examine this, cells that were knocked out for
either NLRP3 or caspase 1 were incubated with the same
nanoparticles with and without corona, and the IL-1/ release
from the supernatant was quantified by ELISA. LPS unprimed
iBMDMs were also treated with LNPs with and without
corona. On comparing the IL-1f release from these control
groups with respect to WT iBMDMs, a significant decrease in
the concentration of IL-1§ was noticed (Figure 4C), thus
affirming the association of these proteins in the cell signaling
pathway.

To gain further mechanistic insights, we visualized the effect
of corona formation on the complexation of NLRP3
inflammasome proteins. We imaged and quantified the adaptor
protein ASC (apoptosis-associated speck-like protein contain-
ing a CARD) speck formation in iBMDMs engineered to
express CFP-tagged ASC protein upon exposure to signal-1
and -2 required for NLRP3 inflammasome activation. ASC
proteins are generally dispersed inside the cytosol. However,
during the inflammasome activation, the ASC acts by bridging
NLRP3 proteins with pro-caspase 1 within the inflammasome
complex, eventually resulting in caspase 1 maturation and IL-
18 secretion.””>® These conformational changes nucleate the
formation of large cytosolic aggregates called ASC specks.
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These specks can form a platform to recruit procaspase-1, thus
activating caspase-1 and the maturation of IL-15.>* As the ASC
speck assembly and the NLRP3 inflammasome activation are
concomitant events,”> ASC speck formation can be used as a
simple upstream readout for inflammasome activation. To
explore this visually, cells were first primed with TLR4 grade
LPS and then incubated with DiD-tagged LNPs with and
without serum proteins for 13 h. The cells were stained with
NucBlue and propidium iodide (PI) and imaged using a
CREST v2 confocal light microscope. Fluorescence micro-
scopic images revealed minimal ASC speck formation (CFP
channel) and cell death (PI channel) for just the LPS primed
groups and the serum-added groups (Figure 4D). This
minimal speck formation indicated the ASC proteins being
dispersed in the cytosol and thus correlated with no
inflammasome activation. Significantly more ASC specks and
cell death in LNP2 compared to LNP1 were witnessed, which
were congruent to our study of IL-1/ secretion using ELISA
resulting in higher inflammasome activation by LNP2. Now,
upon the formation of the protein corona on LNPs, a
significant reduction of ASC specks (3.25-fold for LNP2 and
1.8-fold for LNP1) normalized by the total number of cells
(Figure 4E) as well as lesser cell death by pyroptosis was found
when compared with pristine LNPs without any serum
proteins. This further corroborates our previous findings by
exhibiting a significant decrease in NLRP3 inflammasome
activation due to the protein—nanoparticle complex. These
findings indicate a negative correlation between the protein
corona formation and NLRP3 inflammasome assembly. To
further explore the corona interactions, we were prompted to
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conduct a comprehensive study about the mechanisms that led
to these observed effects on the NLRP3 inflammasome.

Cellular Uptake and Lysosomal Rupture Are the
Fundamental Mechanisms of Protein-Corona-Induced
Suppression of NLRP3 Inflammasome. Recent studies
have demonstrated the dynamic nature of protein corona and
how it can evolve over time to significantly influence biological
outcomes like cellular uptake by macrophages.*®” The
interaction of a macrophage with lipids dictates particle
clearance. Upon the formation of the corona layer, the
adsorbed proteins can modulate the uptake and toxicity of
nanoparticles.58 For example, immunoglobulins form a
significant part of the corona, and their deposition on
nanoparticle surfaces can influence complement opsonization
of lipid nanoparticles.”” As corona proteins can regulate the
uptake of nanoparticles through the recognition by cell
receptors,'® we intended to conduct an internalization study
of the lipid nanoparticles in the absence and presence of serum
proteins in iBMDMs. As a first step, we incubated
carboxyfluorescein N-succinimidyl ester (CFSE) stained
iBMDMs with 200 ug/mL of the LNP formulations
encapsulating 3 mol % DiD dye in the absence of serum
proteins to gauge the fluorescence intensity using flow
cytometry and quantify their internalization. Interestingly, a
remarkable difference in the cellular uptake was noticed for
both the LNPs. In the absence of any corona, LNP2 showed a
higher (1.4-fold) internalization than LNP1. This could be due
to the high content of the ionizable lipid, which can foster
electrostatic attraction and promote nonspecific binding with
the negatively charged cell membrane. One of the possible
explanations for the higher internalization of LNP2 as
compared to LNP1 could be the higher content of ionizable
and cationic lipid that can promote electrostatic attraction with
the cell membrane and cause increased cellular uptake.
However, it is the combined effect of each lipid constituent
that determines the LNP characteristics including cellular
uptake and the activation of NLRP3 inflammasome in a
lysosome-dependent manner. It is worth noting that the
protein corona formation caused a significant reduction in the
internalization (Figure SA—C) for both LNP1 (2.15-fold) and
LNP2 (2.25-fold). Our results suggest that the corona proteins
can shield the nanoparticle—cell interactions with the
possibility of losing the specificity and thus their ability to
get internalized. However, as less internalization has not always
been found directly corresponding to inflammasome activa-
tion,” we wanted to explore specific mechanisms besides the
dwindling cellular uptake of protein corona complexes that
result in the NLRP3 inflammasome suppression.

NLRP3 inflammasome can be activated by a wide range of
stimuli after LPS priming, including mitochondrial reactive
oxygen species (ROS), calcium and potassium ion influx, and
lysosomal damage.”” First, we accessed the Ca** ion influx in
iBMDMs treated with LNPs and protein corona compared to
just LPS-primed iBMDMs. To measure the intracellular Ca**
levels, we stained the treated cells with a calcium marker, Fluo-
4AM,*° and quantified the fluorescence intensity by flow
cytometry (Figure S2). To test for mitochondrial ROS, we
stained the cells with MitoSOX, a widely used staining
technique to determine cellular ROS,%" and analyzed them
similarly using flow cytometry (Figure S3). We found that for
both the pristine and protein corona coated LNPs, the
fluorescence intensity was comparable with just the LPS-
primed iBMDMs. Also, corona formation did not significantly
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change the ROS production or the ion influx after treatment
with both LNP1 and LNP2. We did not see any specific trend
from Fluo-4 AM and MitoSOX staining, and thus, our
observations indicated that Ca*" influx and mitochondrial
ROS might not be the governing mechanisms for the LNP-
based NLRP3 inflammasome activation and its subsequent
suppression upon protein corona formation. The lysosomal
rupture was investigated as a next step, which is a key driving
force for NLRP3 inflammasome activation via cathepsin-B
maturation.’”*> Following lysosomal membrane damage, the
release of lysosomal cathepsin proteins in the cytosol is
suggested to be indicative of NLRP3 inflammasome
activation® Also, the extent of lysosomal rupture has shown
to be a regulator of the inflammasome activation, where partial
rupture can activate the complex leading to apoptosis but
complete rupture or permeabilization can inhibit the
activation.””** To evaluate lysosomal damage, the LPS primed
iBMDMs were treated with 3 mol % of DiD dye encapsulating
LNPs and their coronas for 4 h. The far-red fluorescent
lipophilic DiD dye was used to track the internalization of the
LNPs in cells. The cells were stained with NucBlue and
Lysotracker Red DND-99 before imaging them in CREST v2
confocal fluorescence microscopy. The NucBlue stains the
alive cells, and the Lysotracker is widely used in cell biology to
stain the lysosomes of the viable cells.® It is an acidotropic dye
that stains acidic compartments in the cell, and it is specific to
lysosomal pH of 4.5—5. Visually, a lower Lysotracker
fluorescence intensity was observed for LNP2 (4.21-fold) as
compared to LNP1, suggesting greater lysosomal rupture
caused by LNP2 resulting in higher NLRP3 inflammasome
activation (Figure SD,E). Also, LNP2 showed higher internal-
ization than LNP1, which was in consistence with our cellular
uptake studies by flow cytometry. We also noticed a sequential
trend of internalization as well as the lysosomal rupture on
comparing the LNPs in the presence and absence of corona
proteins. The LNP ingenuity to efficiently rupture the
lysosome was found to get reduced significantly upon corona
formation in iBMDMs. This is shown by the bright green
fluorescence intensity in LNP-PC groups suggesting the
existence of intact lysosome (Figure SD). Serum proteins
just by themselves did not cause any lysosomal rupture. Also,
just the LPS primed cells showed maximum fluorescence
intensity and thus the least lysosomal rupture. Upon measuring
the Lysotracker intensity (TRITC channel) normalized with
the DiD intensity (CyS channel) that corresponds to
internalization, the effective lysosomal damage (Figure SE)
was plotted. On calculating the Pearson coefficient (r) for each
group, we found a minimal dependency between lysosomal
rupture and internalization for LNP2, whereas LNP1, LNP1-
PC, and LNP2-PC have been found to have a strong
correlation between the two factors. This suggests to the fact
that at a diminished uptake in macrophages, the internalization
might be the determining factor to estimate the lysosomal
rupture. Here, we were able to quantify the Lysotracker signal
with and without the protein corona formation that effectively
lowered the ability of both the LNPs to cause lysosomal
permeabilization (2.8- and 6.93-fold decrease for LNP1 and
LNP2, respectively). These studies collectively indicate that
the corona adsorption on nanoparticles negatively correlates
with the NLRP3 inflammasome. Moreover, the shielding effect
of adsorbed proteins resulting in inefficient cellular uptake and
minimized lysosomal rupture is the primary mechanism for the
observed inhibiting effect.
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Figure 6. Characterization of uptake mechanism of the corona formed on lipid nanoparticles. The protein corona—nanoparticles formed were
added to 10° iBMDMs at a final concentration of 200 ug/mL in either the absence or presence of 100 uM EIPA, 10 ug/mL chlorpromazine (CP),
25 pg/mL Dynasore (D), 2.5 ug/mL cytochalasin D (C), or S uM nocodazole (N). Uptake extents were obtained by flow cytometry. (A)
Percentage of nanoparticles—corona internalized in the absence of any inhibitor for both LNP1 and LNP2 normalized to the raw nanoparticles
without any serum proteins. Percentage of LNP1(B.1), LNP2 (B.2), LNP1-PC (B.3), and LNP2-PC (B.4) getting internalized by iBMDMs with
the various inhibitors one at a time at the mentioned concentrations normalized with respect to the internalization without any inhibitor. Each
value is the average of triplicates + standard deviation within a single experiment. 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.

Evaluation of Cellular Uptake of LNPs with and
without Protein Corona. Macrophages are the first line of
defense® against pathogens. They are phagocytic cells that are
built to ingest and destroy all foreign invaders in a generalized
way without any specific individuals.”” Macrophages have
developed several techniques to internalize nanoparticles
including phagocytosis, receptor-mediated endocytosis, and
pinocytosis.”® Previous studies suggested that protein corona
formation can hinder particle recognition by macrophages.””
Thus, a mechanistic approach to studying the factors that
determine the endocytic pathway, including LNP formulation
as well as the multilayered corona composition, is a key step to
answer questions relating to circulation time, biodistribution,
toxicity, and most notably the particle interaction with the
immune system, for example, the activation/deactivation of the
NLRP3 inflammasome complex. To study the functional
changes due to the corona formation and to characterize the
uptake mechanisms of LNPs in the presence and absence of
serum proteins, we used different endocytosis inhibitors, each
corresponding to a specific pathway.'®”  Chlorpromazine
hydrochloride, a cationic amphiphilic drug, was used to inhibit
clathrin-mediated endocytosis. It functions by inhibiting AP2, a
key adaptor protein that otherwise can simultaneously bind to
clathrin and membrane proteins, thereby directing the
assembly of a clathrin coat around the cargo that is destined
to be internalized.”'~”®> Dynasore, an inhibitor of dynamin
GTPase activity, prevents the hydrolysis of dynamin-bound
GTP, thus restricting the conformational changes that result in
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pinching off the clathrin/AP-coated vesicle bud in cytosol.”*
EIPA (5-N-ethyl-N-isopropyl amiloride) was used to obstruct
micropinocytosis. It functions by impeding the Na*/H*
exchange, thus lowering the submembranous pH.75 Finally,
cytochalasin D and nocodazole were used to inhibit actin and
microtubule-dependent endocytosis. They disrupt the cytoske-
leton by binding to the actins and microtubules, thus hindering
both actin polymerization and elongation.'®”®

The efficacy of the inhibitors was accessed in both the
presence and absence of serum proteins. First, the iBMDMs
were stained with CD4S antibody without any inhibitors and
checked for double positivity for DiD encapsulating dye using
flow cytometry (Figure 6A). Two- and 10-fold decreases in
cellular uptake for LNP1-protein corona and LNP2-protein
corona were observed, respectively. Next, cells were treated
with all the inhibitors at a fixed concentration, one at a time for
each of the four groups (LNP1, LNP1-PC, LNP2, and LNP2-
PC). For LNPI, all the inhibitors were effectively causing
efficient inhibition of internalization, with EIPA, cytochalasin
D, and nocodazole being the most potent, resulting in
complete inhibition (Figure 6B). For LNP2, Dynasore was
the most effective inhibitor, causing a S-fold reduction in
cellular uptake, followed by chlorpromazine hydrochloride and
EIPA, which showed around $50% inhibition (Figure 6C).
These specific inhibitors would suggest a more predominant
endosome mediated uptake in macrophages for LNP2 unlike
in LNP1 where multiple endocytic pathways are involved. And
this would directly correlate with LNP2 following the
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endolysosomal pathway and eventually end up in the lysosomal
compartment, thus causing the maximum disruption. Thus,
this study with the inhibitors aligns with the previous findings
of LNP2 causing the highest lysosomal rupture for
inflammasome activation. Surprisingly, cytochalasin D and
nocodazole showed no reduction, suggesting the nonalignment
of actin and microtubules-dependent endocytosis for LNP2.
Next, the efficacy of the inhibitors was quantified after corona
formation. To compare the potency of the inhibitors with
corona proteins for both the LNP formulations, the protein
corona groups without inhibitors were considered as absolute
values, ie., totally internalized, and the groups with corona
along with inhibitors were normalized with respect to that.
Here, we observed that for LNP1-PC, the cellular uptake
showed a 2.5-fold reduction for chlorpromazine hydrochloride
compared to 20-fold in the case of pristine LNP1 without
serum proteins. Also, for Dynasore, we reported 3.5-fold
inhibition compared to 16-fold for LNP1 in the absence of
corona proteins. However, EIPA, cytochalasin D, and
nocodazole showed complete inhibition of corona complex
(Figure 6D). In the case of LNP2-PC, the corona formation
did not affect the functionality of the inhibitors significantly.
Dynasore showed 2.5-fold reduction as compared to 5-fold for
pure LNP2 without corona proteins, whereas cytochalasin D
and nocodazole still exhibited no inhibition (Figure 6E).
Dynasore and chlorpromazine hydrochloride remain the most
potent inhibitors for LNP2-PC, which are similar to what have
been observed for LNP2 without serum proteins. This
indicates that LNP2-PC would also end up in the endosome
but cannot effectively cause the lysosomal damage. This is an
interesting finding that sheds light on the possibility of protein
corona’s composition that could be influencing the nano-
particle’s intracellular trafficking and fate. Overall, the results
suggest the involvement of multiple pathways of internalization
for LNPs in macrophages. Also, the lipid constituents play a
vital role in determining the potential endocytic mechanism.
Moreover, the corona formation altered the LNP recognition
by cell receptors, thus affecting the internalizing pathway. In
summary, although a direct correlation between protein corona
and endocytic mechanisms might present complexities, it is
reasonable to conclude that the presence of a protein corona
can influence how endocytic inhibitors interact with nano-
particles and cells. The inhibitors might not act as efficiently on
nanoparticles with a protein corona as they do on bare lipid
nanoparticles because of the altered nanoparticle—cell
interactions brought about by the protein corona.

B CONCLUSIONS

The protein—nanomaterial interactions have been at the
forefront of biological immune response therapy. Explaining
this inevitable protein adsorption to control immune responses
is a fundamental challenge. Our work aimed to elucidate the
association between corona—nanoparticle complexes and
innate immune responses in macrophages to understand and
analyze the effects of protein corona formation on lipid
nanoparticles in relation to the NLRP3 inflammasome. Here,
we sought to describe the shift in the immunogenicity of lipid
nanoparticles due to corona formation to efficiently cause
activation of the NLRP3 inflammasome multimeric complex
that triggers the release of proinflammatory cytokines like IL-
1 and IL18, eventually leading to cell death.

The study was designed by characterizing and synthesizing
two different LNP formulations. Similar formulations of LNPs
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have been previously reported to be involved in mRNA
delivery.” The concept behind the lipid formulation was to
maximize the difference in the ionizable lipid content (DLin-
MC3-DMA), which has been shown previously to interfere
with the NLRP3 inflammasome pathway.”>”” Several cell-
based assays were performed on the two formulations to realize
that LNP2, having 50 molar percent of ionizable lipid, can
significantly activate the NLRP3 inflammasome complex. At
the same time, the activation was minimal for LNP1, which has
no ionizable lipid. But when the corona layer was formed on
the surface of the LNPs, a significant reduction in the NLRP3
inflammasome activation was observed. It is worth mentioning
that only certain specific proteins formed the significant
component of the corona for the LNP formulations. This
finding aligns with a study conducted by Walkey and Chan,"
where a similar abundance of a few distinct proteins was
observed on a panel of 63 different nanomaterials. A systematic
approach to the study helped us to uncover the underlying
mechanism for the inhibiting effect of the corona layer.
Mechanistic cell-based assays revealed the role and reciprocity
of multiple signaling cascades toward regulating the NLRP3
inflammasome activation by protein corona. The reduced
lysosomal disruption by the corona as compared to pristine
LNPs was reported as the primary cause of the corona-based
NLRP3 inflammasome suppression. Our study displayed a
significant decrease in the lysosomal rupture due to the
shedding effect of the corona complex. One possible
explanation for this is the intracellular fate of the protein
corona, which is different from pristine LNPs. Whereas LNPs
are most likely to follow the canonical endolysosomal pathway,
which may result in the collapse of lysosomal homeostasis
depending on their ability to undergo endosomal escape,
corona-coated LNPs, after internalization, can get translocated
to the cytosol or other compartments outside the endolyso-
somal system. This was explained by Han et al,”® who
exhibited that protein-corona-coated nanoparticles can get
redistributed and sorted inside the endosome, indicating the
possibility of forming two distinctly loaded endosomal vesicles,
each ultimately turning up in different compartments.

Not only the protein coating decides the fate of LNPs once
inside the cell. Our observations suggest the involvement of
protein corona in the very first interaction between nano-
particles and macrophages. The findings described the
mechanism of internalization followed by the nanoparticles
in the absence and presence of corona. Different mechanisms
were observed for cellular uptake for the two formulations
while in serum-free media. But a very significant decrease in
cellular uptake was found in the presence of serum proteins,
which is in accordance with previous studies'®’” where the
internalization was found to be minimized by the corona.
Furthermore, the inhibitor study also suggested that the corona
proteins on the surface of the nanomaterial can alter the cell
uptake mechanism. These distinct endocytic pathways can be
attributed to the various lipid formulations and the corona
compositions, which can be further explained by the
recognition of corona proteins by the cell receptors that
regulate the endocytic pathway for internalization.'®*%*
Similar results were reported by Francia et al,'® where unique
mechanisms of internalization were linked with diverse corona
composition even for the same nanoparticle. A further
extension of our findings can have potential implications in
modeling and speculating in vivo conditions where there is an
excess of the free unbound protein, which can also contribute
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to the observed mechanisms as reported by Lara et al,,*” where
the free proteins can potentially compete with the corona
proteins for the same receptors. However, the total protein
concentration, corona composition, and nanoparticle stability
can also contribute to the cell-nanoparticle interaction and
should also be considered.

Overall, our study provides novel insights into the interplay
between protein corona and NLRP3 inflammasome activation.
It highlights the ability of the protein corona to be influential in
both surface interactions and intracellular signaling pathways.
Although we could establish a potential role of lipid
formulations, corona formation, and the mechanism for
inflammasome suppression, it is possible that the corona can
also affect other immune responses like the complement
pathway and adaptive immunity. Further studies are required
to fully characterize the implications of protein corona in
biologically relevant conditions. Although the composition of
hard corona significantly contributes to immune cell signaling
pathways, there is a need for more detailed information about
the soft corona composition, organization, and dynamics to
demonstrate such effects linked to individual corona proteins
fully. Nevertheless, the reported findings from the study are
alluring in a way to realize that this inevitable protein layer
formation can have a profound connection with the immune
system, explicitly affecting inflammasome activation in innate
immune cells. This research indicates that exploiting protein
corona can be utilized to regulate inflammasome activation,
and it can have immense implications in the field of
nanomaterial-based drug delivery.

B METHODS

Synthesis and Characterization of Lipid Nanopar-
ticles (LNPs). Five different lipids were used to synthesize the
lipid nanoparticles. Stock solutions of DLin-MC3-DMA
(ionizable lipid), DPTAP (cationic lipid), DPPC (phospholi-
pid), DSPE-PEG (2000)-Amine (PEGylated lipid), and
cholesterol were made in molecular biology grade ethanol.
The DPTAP stock solution was sonicated at 37 °C for 30 s to
ensure homogeneous mixing in the ethanol phase. Two
different systems of LNPs were synthesized via the ethanol
dilution method by adding different volumes of each lipid from
the stock concentration at the desired molar concentration.
The ethanol—lipid mixture was then added dropwise to a S
mM sodium citrate buffer solution at a 1:3 vol/vol ratio of the
ethanol to the aqueous phase followed by rapid pipetting for a
minute to form the lipid nanoparticles finally. The final
concentration of the LNPs formed was 1.8 mg/mL for both
LNPI1 and LNP2. For microscopy imaging and flow cytometry
studies, 3 molar % DiD dye was used along with the ethanol—
lipid mixtures as discussed above. However, for the cellular
uptake studies using different endocytosis inhibitors, 0.3 molar
% DiD dye was similarly encapsulated in the LNPs. Finally, the
LNPs were stored at 4 °C.

Protein Corona Formation and Characterization.
Corona nanoparticle complexes were formed before incubation
on cells. Total proteins from a stock of rat serum were
quantified by using a Pierce BCA Protein Assay Kit (Thermo
Scientific). LNPs (100 L) were added to the required volume
of rat serum to a final w/w ratio of 1:5 lipids to serum proteins
at 37 °C and kept under constant shaking (100 rpm) for 2 h to
form the protein corona complexes. To distinguish between
the hard and soft corona, the lipid—nanoparticle corona
mixtures were centrifuged at 15,000¢ for 15 min to remove the
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unbound/loosely bound (soft corona) proteins. The pellet was
resuspended in PBS and washed three times to obtain the hard
corona. For cell experiments, ultracentrifugation was not
performed, and the corona complexes were diluted in basal
media to a final lipid concentration of 200 yg/mL and then
added to cells. The bound proteins were removed from the
hard corona complexes for mass spectroscopy analysis. A
concentrated 4X Laemmli reducing sample buffer was added to
the pellet to elute the proteins from the hard corona-
nanoparticles. The reducing buffer has beta-mercaptoethanol,
which can strip off the proteins by denaturing them and
through the cleavage of the disulfide bonds. For sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), the samples were boiled at 95 °C for S min after
treatment with the reducing buffer. After the electrophoretic
run, the gel was incubated with a solution of 0.2% w/v
Coomassie blue in methanol/water/glacial acetic acid ratio of
4:5:1 for 2 h with slight shaking (70 rpm), after which it was
left in 4:5 methanol/water solution overnight to prepare the
final gel for imaging.

LNP Size Characterization. The size of the lipid
nanoparticles and the corona complexes was determined by
dynamic light scattering (DLS) using a Malvern Nanozetasizer
7590. The sample (10 uL) was diluted in 990 uL of 1X milli-
Q. The 1 mL solution was vortexed and then added to
disposable sizing cuvettes for size characterization. The average
particle sizes were determined by the intensity Z-average size,
and the intensity stats table was used to plot the sizes.

Zeta Potential. For the zeta potential readings, 10 yL of
the LNP and corona samples was diluted in 990 uL of 1X milli-
Q. The 1 mL solution was then injected into disposable folded
zeta cells using a syringe carefully to avoid the formation of
bubbles. It was then appropriately placed inside the holder of
the Nanozetasizer, and the data were collected using a Malvern
Zetasizer instrument.

Lipid—Nanoparticle Stability. The size of the lipid
nanoparticles and protein corona complexes was measured as
discussed before using a Malvern Nanozetasizer at different
time intervals of 0 h, 30 min, 1 h, 2 h, 4 h, 8 h, and 24 h. Also, a
weekly basis study was obtained by measuring the size of the
LNPs and the corona over a period of 7 days. The intensity Z-
average size was used to measure the sizes. The particles and
the corona complexes were stored at 4 °C during the stability
studies.

Procedure for Culturing the Cells Used in the Study.
Engineered immortalized bone-marrow-derived macrophages
(iBMDMs) expressing ASC-CFP protein were used in all in
vitro experiments. Caspase-1 KO and NLRP3 KO iBMDMs
cell lines were used for the knockout IL-1§ expression study.
ASC-CFP tagged iBMDMs were acquired as a present from
Dr. Kate Fitzgerald from the University of Massachusetts Chan
Medical School. And the knockout cell lines were obtained
from Dr. Fitzgerald. Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% v/v fetal bovine serum
(FBS), 0.5% v/v penicillin (50 pg/mL), and 0.5% v/v
streptomycin (S0 pg/mL) was used as the medium for the
cell culture. Also, the medium was refreshed every 48 h. The
cells were cultured in T-75 cell culture flasks and were usually
split using 0.25% trypsin—EDTA in 1X phosphate-buffered
saline (PBS) in a 1/S reseeding ratio every 2 to 3 days. For
accessing inflammasome activation in the cells, the cells were
first treated with 100 ng/mL ultrapure lipopolysaccharide
(LPS) for 4 h to provide signal-1 priming required for NLRP3
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inflammasome activation. Signal-2 was provided by incubating
the LPS-primed iBMDMs with nanoparticles or the protein
corona complexes for 24 h at a final 200 ug/mL lipid
concentration. For cell uptake studies, cells were incubated
with LNPs/corona complexes and specified concentrations of
different inhibitors for 30 min, 1 h, and 2 h to study the extent
of nanoparticles internalizing the cells.

IL-18 ELISA. iBMDM:s were seeded in a 96-well plate, and
the ELISA was started at a density of 160,000 cells per well.
First, the cells were primed with 100 ng/mL of ultrapure LPS
for 4 h for the signal-1 required for inflammasome activation.
Two LNP systems and their corresponding corona complexes
were added at a final 200 pg/mL lipid concentration for 24 h.
LPS primed iBMDM:s with no signal-2 were used as a negative
control, and primed cells with nigericin at a concentration of 1
p#L/mL was a positive control. The supernatant from the cells
was collected to measure the concentration of IL-1§ by
performing ELISA using the Invitrogen Mouse IL-1§ ELISA
kit as recommended in the manufacturer’s protocols.

Confocal Microscopy for ASC Speck Imaging.
iBMDMs were seeded in eight-well glass chamber slides a
day or two before imaging to attain a density of 100,000 cells/
well. The cells were treated with 100 ng/mL of ultrapure LPS
for 4 h, after which they were incubated with LNPs/corona
complexes as previously discussed for 12 h. Nigericin (1 yL/
mL) was used as a positive control for ASC speck imaging. It
was added to the wells 2 h before imaging. After LNPs/corona
treatment, the cells were stained with propidium iodide (PI)
stain (2 pg/mL) and NucBlue (2 drops/mL) and incubated at
37 °C. After 15 min of incubation, the cells were ready for
imaging using the Crest V2 TIRF Spinning Disk Confocal
Microscope.

Flow Cytometry for Internalization. Lipid nanoparticles
were synthesized with 3 mol % of DiD dye to study the cellular
uptake of LNPs/corona in macrophages. iBMDMs were first
stained with 2 uM CFSE per the manufacturer’s protocol and
then seeded in a 12-well plate to reach a density of 1,000,000
cells per well. DiD encapsulating LNPs/corona were then
added to the cells at 200 yug/mL concentration and incubated
for 2 h. The cells were then removed and collected in 1 mL of
1X PBS using a cell scraper. The collected samples were
centrifuged at 1500 rpm for S min and resuspended in 100 xL
of 1X PBS. The samples were vortexed for mixing and then
analyzed using the NovoExpress Software. Double-positive
events were counted to estimate the extent of internalization.

Light Microscopy for Lysosomal Rupture. For studying
lysosomal rupture, iBMDMs were seeded to achieve a density
of 100,000 cells per well. As discussed before, LPS priming was
done at the desired cell population for 2 h. Then, 0.3 mol %
DiD encapsulated LNPs/corona were added to the cells for 4
h. After particle incubation, the cells were stained with
NucBlue (2 drops/mL) and Lysotracker Red DnD-99 (0.1
uM) for 30 min. The cells were then imaged using a Nikon
Crest V2 Spinning Disk Confocal Microscope. The analysis of
the images was done using the NIS Elements software, and the
graph was plotted in the Graph Pad Prism software. The
lysosomal rupture was measured after normalizing with the
number of LNPs that were taken up by the iBMDMs.

Intracellular Calcium Influx and Mitochondrial ROS
Detection. To quantify calcium influx and mitochondrial
ROS, iBMDMs were plated to achieve a population density of
100,000 cells per well of a 12-well plate. The cells were then
primed with LPS for 2 h followed by particle/corona treatment
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for 4 h. The primed cells were treated with nigericin 1 h before
the staining for positive control. After particle incubation, the
cells were washed with PBS and stained with 1 yM Fluo-4 AM
(acetoxymethyl) in CPBS at 37 °C for 30 min. They were then
stained with 1 M MitoSOX in HBSS at 37 °C for 20 min.
After staining, cells were washed with PBS/HBSS, dislodged
from the plate using a cell scraper, and centrifuged at 1500 rpm
for 5 min to obtain the pellet. The cell pellets of different
treatment groups were dissolved in PBS and quantified using
the ACEA Novocyte flow cytometer.

Corona Protein Quantification. Protein quantification
was done by using a Pierce BCA Protein Assay Kit. First, the
corona complexes were formed by adding lipids and serum
proteins in the ratio of 1:5 w/w. To quantify the proteins
absorbed in the surface of the LNPs, we first removed all the
unbound proteins, as discussed before, by ultracentrifuging the
corona at 15,000¢ for 15 min followed by washing with 1X
PBS. Once the hard corona was achieved, we added the same
volume containing a mixture of 1X PBS and the working
reagent (as mentioned in the manufacturer’s protocol) in a 1:8
v/v ratio and incubated it at 37 °C for 30 min. Then, the
samples were centrifuged again at 15,000¢ rpm for 15 min, and
the supernatant was added in a 96-well plate along the BCA
standards prepared before. The absorbance at 562 nm was
measured in a microplate reader to quantify the proteins
absorbed in the LNPs surface. For the SDS page, the proteins
were eluted from the hard corona first before running the gel.

LC—MS/MS Analysis. As explained before, the nano-
particle—corona complexes were first ultracentrifuged and
washed with PBS. To the pellet of the hard corona, we add 8
M urea, 100 mM ammonium bicarbonate, and 10 mM DTT
for 30 min in a way that the final volume adds to the initial
total volume. Iodoacetamide was then added at a concen-
tration of 35 mM to alkylate the samples. Thirty minutes after
adding the iodoacetamide, we added DTT to a final
concentration of 35 mM to stop the alkylation. The samples
were then diluted 5X with milli-Q, and then 1/30 w/w trypsin
was added and kept at 37 °C overnight. The next morning, we
ultracentrifuged the samples again to pellet down the LNPs,
and the supernatants were collected for LC—MS analysis.
Peptides were then separated by reverse-phase chromatog-
raphy using nano-flow EASY-nLC 1000 UHPLC coupled to an
Orbitrap Fusion mass spectrometer (Thermo Scientific) with a
PepMap RSLCnano column (75 pm ID, 15 cm). Peptides
were eluted over a 90 min 5—35% ACN gradient at 300 nL/
min. Survey scans were measured in the Orbitrap analyzer at
60,000 resolutions. Data-dependent MS/MS data were
collected in the linear ion trap using a 2 s cycle time with a
full MS mass range from 400 to 1800 m/z. Peptides (charge
states 2—6) were fragmented using higher-energy collisional
dissociation using a normalized collision energy setting of 27.
A dynamic exclusion time of S s was used, and the peptide
match setting was enabled. RAW files were analyzed in
Proteome Discoverer 2.4 (Thermo Scientific) using the
SEQUEST search algorithm against the Rattus norvegicus
(SwissProt TaxID 10116) database downloaded from
uniprot.org. The search parameters used are as follows: 10
ppm precursor ion tolerance and 0.4 Da fragment ion
tolerance; up to two missed cleavages were allowed; dynamic
modifications of methionine oxidation and N-terminal
acetylation. Peptide matches were filtered to a protein false
discovery rate of 5% using the Percolator algorithm. Peptides
were assembled into proteins using maximum parsimony, and
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only unique and razor peptides were retained for subsequent
analysis.

Inhibitor Study for Cellular Uptake Mechanism. First,
we figured out the minimum concentration of DiD that
showed positive for internalization using flow cytometry. For
that, we made LNPs with different concentrations of
encapsulating DiD dye. DiD (0.03, 0.3, and 3%) containing
LNPs/corona complexes were added to the iBMDM:s for 2 h at
the same lipid concentrations. The cells were then scraped off
and centrifuged at 1500 rpm for 5 min and resuspended in 100
UL of 1X PBS containing 2% (v/v) of CD4S antibody. The
samples were kept at 4 °C for 30 min and then dissolved in 1X
PBS for flow cytometry. Double positives for CD45 and DiD
were chosen to optimize the concentration of DiD dye.

For the experiments with inhibitors to study the cellular
uptake, iBMDMs were treated with different pharmacological
inhibitors to observe the cellular uptake of protein corona
formed on two LNP systems. Here, iBMDMs were plated on a
12-well plate to achieve a density of 1,000,000 cells per well. At
the desired cell population, the inhibitors were added to the
cells at different concentrations for 2 h. The concentrations of
inhibitors used in this study are 100 gm EIPA, 10 ym/mL
chlorpromazine, 25 pm/mL Dynasore, 2.5 pm/mL cytochala-
sin D, and § ym nocodazole. LNPs/corona with 0.3% DiD dye
were then added to the cells along with the same inhibitors for
2 h at a final lipid concentration of 200 pg/mL. LNPs were
also added to the cells without any inhibitors to design a
comparative study. After 2 h, the wells were scraped oft with
cell scrapers, and the collected samples were centrifuged and
stained with CD4S (2% v/v) as discussed before. Following
that, the samples were again centrifuged and resuspended in
1X PBS. They were then vortexed, and the double positives for
DiD and CD45 were measured using the ACEA Novocyte flow
cytometer. Graphs were plotted in GraphPad.
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