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Abstract

Inefficient cytosolic delivery has limited the development of many promising biomacromolecular
drugs, a long-standing challenge that has prompted extensive development of drug carriers that
facilitate endosomal escape. Although many such carriers have shown considerable promise for
cytosolic delivery of a diversity of therapeutics, the rupture or destabilization of endo/lysosomal
membranes has also been associated with activation of the inflammasome with attendant risk of
inflammation and toxicity. In this study, we investigated relationships between pH-dependent
membrane destabilization, cytosolic drug delivery, and inflammasome activation using a series of
well-defined poly[(ethylene glycol)-block-[(2-(dimethylamino)ethyl methacrylate)-co-(butyl
methacrylate)] copolymers of variable second block composition and pH-responsive properties.
We found that polymers that demonstrated the most potent membrane-destabilizing activity at
early endosomal pH values in an erythrocyte hemolysis assay were most efficient at delivery of
SiRNA, yet tended to be associated with the least amount of NOD-like related protein 3 (NLRP3)
inflammasome activation. By contrast, polymers that displayed minimal hemolysis activity and
poor siRNA knockdown, and instead mediated lysosomal rupture likely due to a proton sponge
mechanism, strongly induced NLPR3 inflammasome activation in a caspase- and cathepsin-
dependent manner. Collectively, these findings reinforce the importance of early endosomal escape
in minimizing inflammasome activation and also demonstrate the ability to tune the degree
inflammasome activation via control of polymer structure with potential implications for design of
vaccine adjuvants and immunotherapeutics.

Graphical Abstract

Polymers that are unable to escape the early endosome, and instead cause lysosomal rupture,
activate the NLRP3 inflammasome.
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Introduction

The cytosol is the site of action for several important classes of therapeutics, including
SiRNA, miRNA, mRNA, peptides, and enzymes, amongst others; yet, these
biomacromolecular drugs have extremely low membrane permeability and minimal access to
cytosolic targets.! This challenge has led to the widespread development of a large diversity
of polymeric and nanoparticle drug carriers for cytosolic delivery, the majority of which
have been designed to facilitate escape of associated cargo from the endosome and into the
cytosol.2~4 These carriers typically mediate destabilization of the endosomal membrane
through incorporation of ionizable species that serve as sensors of the lower pH environment
within endosomes or lysosomes. Many carriers achieve this through the “proton sponge”
mechanism whereby cationic carriers absorb protons, resulting in increased osmotic pressure
and eventual rupture or leakage of endo/lysosomes.>~7 Another approach has been to design
pH triggerable carriers that unveil or release membrane-destabilizing domains or molecules
upon reaching a specific pH within the endosome.1: 4 We, and others, have achieved this
active mechanism of endosomal escape through the design of synthetic copolymers
comprising both protonatable amino monomers (pKa ~6.2—7) and hydrophobic moieties that
mediate disruption of the endosomal membrane.8-13 A key characteristic of these materials
is that they are inactive at physiological pH, but rapidly transition to a membrane-
destabilizing state at endosomal pH (6.8-5.8). Moreover, by controlling the ratio and/or
composition of the cationic and hydrophobic monomers, the magnitude of membrane
disruption can be tuned and has been shown to correlate with the efficiency of cytosolic
delivery.10: 11. 14 Thjs versatile family of materials has been utilized for delivery of siRNA,
10-12,15 peptides and proteins,8: 16: 17 hydrophilic small molecules,® and RNA
immunotherapeutics,19 20 with several of these polymers having been demonstrated to be
well-tolerated in pre-clinical animal studies.16: 17, 20-22

However, it is also known that many micro- and nanoparticles (e.g., alum,23 24 and silica?®)
as well as commonly used cationic drug carriers such as PEI26 and chitosan,2’: 28 can induce
inflammatory responses via activation of the inflammasome. The inflammasome is a
multiprotein complex that is activated in response to cellular stress.2® In the NOD-like
related protein 3 (NLRP3) inflammasome, the inflammasome that is best characterized and
most associated with disease,3 this complex is made of NOD-like receptors (the sensor), an
apoptosis-associated speck-like protein (the adaptor protein), and caspase-1 (the enzymatic
component).3! Several mechanisms, all related to cellular stress and infection, have been
implicated in the activation of the inflammasome, including K* efflux, reactive oxygen
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species (ROS) production, and lysosomal rupture.32-34 In order for the inflammasome to be
fully activated, NF-xB needs to be activated first to stimulate the production of pro-1L-18
and pro-IL-18. Next, the second signal (e.g., cellular stress) induces the assembly of the
inflammasome, activating caspase 1 which then cleaves the pro-cytokines to IL-1p and
IL-18, which are secreted from the cell in their active form.32 Amongst its diverse roles in
mediating and shaping innate immune responses to both foreign and endogenous stressors,
the inflammasome also serves as an indirect sensor of viral invasion. In one viral infection
mechanism, it is endocytosed and the acidic environment allows the virus to fuse to the
membrane and form pores to facilitate its replication in the cytosol.3° Several studies have
indicated that this viral escape mechanism can activate the inflammasome,36-38 opening the
possibility that synthetic carriers with pH-dependent membrane-destabilizing properties may
elicit a similar type of response. However, while it has been reported that several commonly
used drug carriers can induce inflammasome activation,24 39-41 the effect of carrier
properties on this response has not been widely investigated33: 34 42 nor is it clear to what
extent inflammasome activation is a necessary consequence of endosomal escape and
cytosolic drug delivery.

In this study, we aimed to explore how the endosomal escape capacity of pH-responsive
polymers correlate to inflammasome activation. To do this, we used a previously described
series of diblock copolymers with a poly(ethylene glycol) (PEG) first block and second
block comprising a random copolymer dimethylaminoethyl methacrylate (DMAEMA) and
butyl methacrylate (BMA).11 We systematically varied the relative amount of BMA in the
DMAEMA.-co-BMA second block between 0% and 100% to create structurally and
chemically similar carriers that exhibit a wide-range of pH-responsive, membrane
destabilizing activity, and leveraged these materials to understand relationships between
endosomal escape and inflammasome activation. Interestingly, we found little correlation
between endosomal escape and inflammasome activation as carriers with the greatest
capacity for inflammasome activation (0%-40% BMA) had little endosomolytic activity and
were inefficient at delivery of siRNA, and instead mediated lysosomal rupture. By contrast,
the most endosomolytic polymers (50%-60% BMA) did not induce appreciable
inflammasome activation despite mediating the most efficient siRNA delivery. Collectively,
these findings demonstrate that inflammasome activation is not a necessary consequence of
effective cytosolic delivery and suggest that early endosomal escape with minimal lysosomal
rupture is important for reducing inflammasome-mediated inflammation. Additionally, this
work demonstrates that carrier properties can be modulated to tune the degree of
inflammasome activation in immune cells, which may be leveraged for the design of more
effective carriers for vaccine and immunotherapy applications.

Experimental

Reagents

Ultrapure LPS and Z-VAD-FMK were purchased from Invivogen. The IL-1p ELISA kit,
recombinant IL-1, acridine orange, ethidium homodimer-1, Calcein-AM, and D-luciferin
monopotassium salt were purchased from Thermo Fisher Scientific. CA-074 Me, Leu-Leu
methyl ester hydrobromide (LLoMe), and phorbol 12-myristate 13-acetate (PMA) were
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purchased from Sigma-Aldrich. Scrambled siRNA and luciferase siRNA were purchased
from Integrated DNA Technologies.

THP-1 cells were a generous gift from T. Giorgio (Vanderbilt). THP-1 cells were cultured in
RPMI 1640 growth media supplemented with 10% heat inactivated FBS, 1% penicillin and
streptomycin, 2 mM L-glutamine, 10 mM HEPES, 1X non-essential amino acids, and 125
UM beta-mercaptoethanol. THP1-Def-NLRP3 cells were purchased from Invivogen and
cultured in RPMI 1640 growth media supplemented with 10% heat inactivated FBS, 1%
penicillin and streptomycin, 2 mM L-glutamine, 25 mM HEPES, 100 pg/mL normacin, and
20 pg/mL hygromycin B gold. Luciferase-expressing MDA-MB-231 cells, 224344 3
generous gift from C. Duvall (Vanderbilt), were cultured in DMEM growth media
supplemented with 4.5 g/L D-glucose, 2mM L-glutamine, 10% heat-inactivated FBS, and
1% penicillin and streptomycin.

Polymer Synthesis

Reversible addition-fragmentation chain-transfer (RAFT) polymerization was used to
synthesize all polymers as previously described with minor modifications.1! Briefly,
dimethylaminoethyl methacrylate (DMAEMA) and butyl methacrylate (BMA) were added
to poly(ethylene glycol) 4-cyano-4-(phenylcarbonothioylthio)pentanoate (Sigma), a PEG-
modified chain transfer agent (CTA), and dissolved in dioxane with the free radical initiator
V70 at a monomer:CTA:initiator ratio of 300:1:0.2. The polymerization was performed
under a nitrogen atmosphere at 30°C for 24 hours. The resultant polymer was purified using
dialysis (3kDa MWCO) against acetone followed by molecular grade water. The polymers
were lyophilized and characterized by 1H NMR (Bruker AV 400) and GPC (Agilent) to
determine polymer purity, composition, molecular weight and polydispersity.

Preparation and Characterization of Polymer Solutions

Diblock copolymer solutions were prepared by first dissolving the lyophilized polymers in
ethanol at 50 mg/mL followed by rapid dilution in PBS (pH 7.4) to a concentration of 10
mg/mL. Solutions were further diluted as needed for experiments. Particle size in PBS at pH
7.4 and 5.8 was determined using dynamic light scattering analysis (Malvern Zetasizer Nano
ZS.)

Erythrocyte Hemolysis Assay

The pH-dependent, membrane-destabilizing activity of polymers was quantified using an
erythrocyte hemolysis assay as previously described.® Briefly, red blood cells (procured
from Vanderbilt Hematology Core Lab) were incubated with 5 pg/mL of polymer in 100
mM phosphate buffers at pH values representative of the endo/lysosomal trafficking pathway
(7.4,7.0,6.6, 6.2, 5.8, 5.2, 4.8). Red blood cell lysis was quantified by amount of
hemoglobin released using UV-Vis spectrometry (absorbance of 541 nm) and normalized to
100% lysis (1% Triton X-100).
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IL-1B Secretion Assay

Measurement of IL-1p secretion from THP-1 cells were performed as previously described
with modifications.#>~47 THP-1 and THP1-Def-NLRP3 cells were plated in 96-well plates at
a density of 4 x 10° cells/mL with 100 nM PMA for 24 hrs. The media was then replaced
with fresh media containing 100 ng/mL LPS for 3 hrs. The media was then replaced with
fresh media containing polymers at the indicated concentration for 4 hours. The supernatant
was collected and frozen at —80°C until analysis. Secreted IL-1f in cell supernatant was
measured using an IL-1p ELISA (Invitrogen) as per manufacturer’s instructions. For studies
including the inhibitors Z-VAD-FMK and CA-074 Me, cells were pre-incubated for 30
minutes at a concentration of 20 UM, before addition of polymer solutions.

Microscopy

THP-1 cells were seeded in 4 well chamber slides (Lab-Tek) at a density of 4 x 104 cells/mL
with 100 nM PMA. Cells were treated with polymers or LLoMe for 4 hours and then
incubated with 2 pg/mL acridine orange for 20 minutes, followed by washing with PBS
containing 3% serum twice. Cell were immediately imaged with an Olympus FV-1000
confocal microscope (Vanderbilt Cell Imaging Shared Resource).

Lysosomal Rupture Assay

THP-1 cells were seeded in 12 well plates at a density of 7 x 10° cells/mL and treated with
polymer solutions or LLoMe for 4 hours. Cells were then incubated with 2 pg/mL acridine
orange for 3 hours, washed 2 times with PBS, and finally re-suspended in PBS with 3%
BSA and 0.1% NaN3). Acridine orange release was quantified with flow cytometry (Guava
easyCyte HT).24. 39

Cytotoxicity Assay
THP-1 cells were seeded in 12 well plates at a density of 7.5 x 10° cells/mL for 24 hrs and
then treated with polymers for 4 hours. Cells were collected, washed and incubated with 8
uM ethidium homodimer-1 and 0.1 uM calcein AM for 20 minutes. Cell viability was
analyzed with flow cytometry (Guava easyCyte HT).

Preparation of siRNA Complexed Micelles

For siRNA complexation, polymer dissolved at 50 mg/ml in ethanol was diluted to 3 mg/mL
in pH 4 citric acid buffer. This was added to the appropriate amount of siRNA to achieve a
N:P complexation ratio of 15:1, and incubated for 30 minutes at room temperature. The pH
was then increased to pH 7.4 by adding 5x the volume of pH 8 phosphate buffer.22

Evaluation of Luciferase Knockdown

As a method to evaluate the relative ability of each carrier to mediate cytosolic delivery,
luciferase knockdown in luciferase expressing MDA-MB-231 (MDA-MB-231-Luc) cells
was used as a model, as previously described.?2 Briefly, MDA-MB-231-Luc cells were
seeded at a density of 2000 cells per well in a black, clear bottom 96 well plate. The next
day, siRNA-polymer complexes were added at a concentration of 10-50 nM. Cells were
treated with complexes formulated with either luciferase siRNA or negative control sSiRNA
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(DS NC1, Integrated DNA Technologies). After 24 hours, the media was removed and
replaced with media containing 150 pg/mL D-luciferin, and bioluminescence was measured
with an IVIS Lumina Il imaging system.

All data is plotted as mean +/- standard deviation unless otherwise noted. Significance was
determined using two-way ANOVA unless otherwise noted.

Results and Discussion

Characterization of pH-responsive properties

To examine the effects of polymer composition on inflammasome activation, a series of
diblock copolymers of (PEG)-4-(DMAEMA-co-BMA) were synthesized (Table S1). The
amount of BMA in the hydrophobic block was varied from 0% BMA to 100% BMA to
create a series containing six polymers of variable second block composition, namely 0, 30,
40, 50, 60, and 100% BMA, referred to henceforth as 0B, 30B, 40B, 50B, 60B, and 100B
(Fig. 1A). DLS analysis demonstrated that polymers with a sufficiently high amount of
hydrophobic BMA in the second block (40B, 50B, 60B, and 100B) formed micellar
nanoparticles at pH 7.4, with 40B, 50B, and 60B disassembling at pH 5.8, as indicated by a
decrease in particle diameter (Fig. 1B, C). We also evaluated pH-responsive membrane-
destabilizing activity in an erythrocyte hemolysis assay, which has been shown previously to
correlate well with endosomal escape and cytosolic delivery.1! Consistent with previous
reports,11 50B demonstrated the strongest hemolytic activity at pH 6.2-5.8, followed by
60B, 40B, and 30B. As expected 0B, which lacks membrane interactive BMA groups, and
100B, which does not undergo a pH-dependent structural transition, are not hemolytic (Fig.
1D). Therefore, by controlling the amount of BMA in the second block a series of carriers
with differing capacities to mediate endosomal escape via active membrane destabilization
was generated to allow investigation into how hemolytic activity influences inflammasome
activation.

pH-Dependent Membrane Destabilizing Activity Does Not Correlate with Inflammasome

Activation

To examine the relationship between pH-responsive polymer properties and inflammasome
activation, the amount of IL-1p secreted by THP-1 cells, a human macrophage line, was
measured after treatment with each polymer for 4h at three concentrations (Fig. 2A).
Because NF-xB activation is required as a “priming” for inflammasome activation,32 cells
were pre-treated with lipopolysaccharide (LPS) prior to introduction of polymer.
Interestingly, 30B and 40B stimulated the highest secretion of I1L-18, followed by 0B and
50B, with 60B and 100B resulting in negligible IL-1f production. We validated that
polymer-induced IL-1p production was a result of inflammasome activation by measuring
IL-1pB secretion by THP-1 cells deficient in the NLRP3 inflammasome (THP1-Def-NLRP3)
under the same conditions. In all cases, IL-1p secretion was significantly lower in the THP1-
Def-NLRP3 cells, indicating that the majority of IL-1p secretion was due to activation of the
NLRP3 inflammasome (Fig. 2A). Moreover, to further confirm that IL-1f secretion was
inflammasome mediated, cells were pre-treated with a caspase inhibitor, Z-VAD-FMK, to
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block caspase 1, which is required to cleave pro-IL-1f into IL-1p for secretion. As expected,
caspase inhibition returned IL-1p levels to baseline for all polymers (Fig. 2B). Eliminating
LPS pre-treatment (Fig. 2C) significantly reduced, but did not entirely abrogate, IL-1p
secretion, consistent with the requirement for NF-xB-driven expression of pro-IL-1p. While
these results suggest carriers may possess some inherent capacity to induce IL-1p secretion,
it is notable that levels of inflammasome activation are generally low for all carriers in the
absence of LPS. Such an absence of an exogenous inflammatory stimuli to stimulate NF-xB
signaling may, in part, explain why inflammatory responses to this class of pH-responsive
carriers has not necessarily been observed.22 Finally, because inflammasome activation can
also trigger apoptosis, we evaluated the cytotoxicity of polymers in THP-1 cells. While
cytotoxicity did not strictly correlate with the magnitude of inflammasome activation, 30B
and 40B, which strongly activated the inflammasome, were also the most toxic whereas 60B
and 100B had no effect on cell viability (Fig. 2D). Hence, carriers that activate the
inflammasome also tend to be the most cytotoxic, a relationship that may also be reciprocal.

These findings demonstrate, at least within this series of carriers, that potent membrane
destabilizing activity at endosomal pH values does not necessarily result in inflammasome
activation. It will be important to determine if these trends hold across similar materials
comprised of different cationic and hydrophobic monomers.8 These studies further highlight
the ability to precisely tune the magnitude of inflammasome induction via control of
polymer properties,*® which may have important implications for design of materials where
a specified degree of inflammation may be desirable. For example, it has been found that
some of the adjuvant activity of alum, the most common vaccine adjuvant, stems from its
ability to activate the inflammasome.23: 24 Therefore, polymers that activate the
inflammasome while also enhancing intracellular delivery of antigen or adjuvant cargo hold
promise for vaccine applications.

Lysosomal Rupture is Correlated with Inflammasome Activation

The introduction of hydrophobic BMA groups into the second block is thought to increase
polymer-membrane interactions within early endosomes to facilitate cytosolic delivery prior
to trafficking to and/or fusion with highly acidic lysosomes. We therefore hypothesized that
cationic carriers with insufficient hydrophobicity to mediate escape from early endosomes
(e.g., 0B, 30B, 40B) may instead accumulate within more acidic compartments and cause
lysosomal rupture, which has been implicated as a mediator of inflammasome activation for
other types of polymers and nanoparticles.24 333439 |n order to test this, a lysosomal
rupture assay was performed in which a lysosome accumulating dye, acridine orange, was
incubated with THP-1 cells following treatment with polymers, and the relevant amount of
dye in intact lysosomes was quantified using flow cytometry and fluorescent microscopy. In
the low pH environment of the lysosome, acridine orange emits an orange fluorescence,
whereas in neutral pH (the cytosol) it emits a green fluorescence, so absence of orange
fluorescence indicates loss of intact lysosomes. Flow cytometric analysis indicated that 30B
induced the greatest degree of lysosomal rupture, which decreased as the amount of BMA in
the second block increased with 60B and 100B mediating negligible rupture even after 24
hours (Fig. 3A, C). These results were confirmed with fluorescence microscopy, where
lysosomes that are not ruptured remain orange whereas in cells where lysosomes have
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ruptured the dye escapes and appears green in the cytosol (Fig. 3B). When the lysosome
ruptures, cathepsin is released into the cytosol, a process known to activate the
inflammasome.36 Therefore, to further support the role of lysosomal rupture in
inflammasome activation, cells were pre-treated with a cathepsin inhibitor, CA-074 Me. Pre-
treatment with the inhibitor significantly decreased the amount of IL-1p secretion in all
cases, indicating that lysosomal rupture is at least partially responsible for the
inflammasome activation (Fig. 3D). Interestingly, 0B (i.e., PEG-6-DMAEMA), which has
been used as a nucleic acid carrier and is thought to mediate cytosolic delivery primarily via
a proton sponge mechanism,*® induced an intermediate level of lysosomal rupture. This bell-
shaped response suggests that increased cationic content or backbone does not necessarily
result in more inflammasome activation, and points to the importance of both charge and
hydrophobicity in mediating these effects. Interestingly, surface hydrophobicity has been
shown to correlate with the magnitude of cytokine secretion induced by gold nanoparticles.
50 Nonetheless, we observed a strong correlation between lysosomal rupture and
inflammasome activation with this series of carriers, results consistent with recent work by
Esser-Kahn and colleagues.33

Efficiency of cytosolic drug delivery does not correlate with carrier-mediated
inflammasome activation.

The studies described above suggest that polymers with potent pH-dependent hemolysis
activity, and therefore efficient endosomal escape (e.g., 50B, 60B) do not or only weakly
activate the inflammasome, whereas carriers that are less hemolytic at early endosomal pH
values, but cause lysosomal rupture (30B, 40B), trigger the inflammasome. As the purpose
of such carriers is to enhance cytosolic drug delivery, it is important to understand if these
trends hold in the context of cargo delivery. To evaluate this, we utilized the cationic
DMAEMA groups in the second block to electrostatically complex siRNA, as has been
described previously.11: 22 The negatively charged siRNA was complexed to the positively
charged DMAEMA at a negative to positive ratio (N:P) of 15:1. First, in comparing
inflammasome activation between the different polymers complexed to siRNA, similar
trends in IL-1pB secretion were seen (Fig. 4A). In this experiment, because a constant SiRNA
dose and N:P charge ratio of 15:1 was used, for the polymers with less DMAEMA more of
the polymer was needed to complex the siRNA. Therefore, the concentration of needed of
50B and 60B was higher than that of 30B and 40B to deliver the same dose of siRNA. Even
50, 50B and 60B complexes still induced less IL-1p secretion than 30B. Additionally, SIRNA
complexation tended to reduce levels of inflammasome activation relative to unloaded
carriers (Fig. 4B), potentially reflecting reduction in cellular uptake and/or hindered
accessibility of polymers to the endosomal membrane. It is also possible that sSIRNA
complexation reduces the proton sponge effect, since the DMAEMA groups are complexed,
and therefore lysosomal rupture and downstream inflammasome activation is decreased.

Next, the relative capacity of each carrier to enhance siRNA delivery was tested by
evaluating luciferase knockdown in MDA-MB-231 cells expressing luciferase.1> We
investigated knockdown in a cancer cell line as a simplified model of siRNA delivery to
tumors where the goal is to silence gene expression in cancer cells, yet much of the polymer
is endocytosed by myeloid cells, both in the tumor and other sites, which are sensitive to
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inflammasome activation. DMAEMA-containing polymers were complexed with luciferase
siRNA or negative control siRNA, incubated with MDA-MB-231-Luc cells for 24 hours,
and luciferase levels were measured using bioluminescent imaging. Consistent with previous
reports, 11 50B was most efficient at siRNA delivery, resulting in >80% knockdown at 10 nM
siRNA, followed by 60B which efficiently silenced luciferase at higher concentrations (50
nM) (Fig. 4C). For the polymers associated with lysosomal rupture (0B, 30B, and 40B),
siRNA was not efficiently delivered to the cytosol, likely due to cellular stress and eventual
death.

These results further demonstrate that efficient cytosolic delivery via endosomal escape does
not necessarily result in significant inflammasome activation. For the majority of
applications where maximizing delivery and minimizing inflammatory toxicities is the
primary goal, these studies also reinforce the importance of early endosomal escape? 51 and
minimizing lysosomal damage in carrier design. Our results indicate that for cytosolic
delivery endosomal delivery via membrane destabilization due to hydrophobic BMA is more
effective and less damaging than lysosomal rupture due to the proton sponge effect. It is also
notable that 50B, while significantly more efficient at sSiRNA delivery than 60B, did induce a
small, but discernible level of inflammasome activation whereas 60B was entirely inert. As a
result of its reduced charge density, it is conceivable that the lower siRNA knockdown
observed for 60B is, in part, a consequence of weak and unstable electrostatic complexation
of siRNA 44; if so, this carrier may prove useful for other delivery applications owing to its
balanced hemolytic activity and lack of inflammasome activation. Moreover, the stark
differences in both siRNA delivery and inflammasome activation observed as the BMA
content is increased between 40 to 60% BMA suggests that there is a finite, albeit somewhat
narrow window, in which efficient cytosolic delivery can be achieved with minimal
inflammasome activation. This motivates to the importance of using controlled
polymerization techniques (e.g., RAFT) that yield tight control over polymer composition>2
since high polydispersity may yield species with high potential for inflammasome activation.

Conclusions

Escape from the endosome is a widely recognized bottleneck for delivery of a large class of
promising therapeutics, yet the process of disrupting endo/lysosomal membranes has
potential to trigger activation of the inflammasome, resulting in potentially undesirable
inflammatory or toxic effects. Using a series of PEG-block-(DMAEMA-co-BMA) polymers
with variable second block compositions and differential pH-responsive membrane-
destabilizing activity, we have demonstrated that potent endosomal escape activity does not
obligate, or directly correlate with, activation of the NLRP3 inflammasome (Fig. 5A).
Instead, polymer-mediated lysosomal rupture was more predictive of inflammasome
activation (Fig. 5B). Our data suggests that carriers lacking sufficient BMA content to
escape early endosomes instead traffic to lysosomes where they mediate lysosomal rupture
or membrane damage, potentially via a proton sponge mechanism mediated by DMAEMA
groups (Fig. 5C). This results in release of cathepsin, a known activator of the
inflammasome. Importantly, the polymers most efficient at cytosolic siRNA delivery (50B
and 60B) induced little to no inflammasome activation, consistent with the excellent safety
profile of these materials in preclinical mouse models 12 16: 22, The polymers that do not
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induce inflammasome activation are likely escaping the endosome early enough that
cathepsins, which are activated in the acidic environment of the late endosomeS3, are not yet
activated. This further highlights the importance to design drug delivery vehicles that can
escape the endosome early. These studies also reveal the importance of establishing
relationships between polymer properties and inflammasome signaling, which is seldom
considered when designing drug delivery vehicles. In most cases, inflammasome activation
should be minimized as it can lead to undesirable inflammatory responses; however, in some
cases this may be desirable, for example, in vaccine delivery. Overall, in addition to more
commonly evaluated metrics of drug carrier properties (e.g., toxicity, cellular uptake,
transfection efficiency, cytosolic delivery), the intrinsic capacity of materials to trigger
inflammasome activation should considered and properties optimized for specific
applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of diblock copolymer pH-responsive properties.

(A) Structure of and nomenclature for PEG-block-[(DMAEMA)-co-(BMA),] polymers with
differential pH-responsive membrane destabilizing activity achieved through controlling the
percentage of BMA (x). (B) Particle size distribution of polymers dissolved in pH 7.4 or 5.8
phosphate buffer measured by dynamic light scattering. (C) Number average diameter of
polymers dissolved in pH 7.4 or 5.8 phosphate buffer measured by dynamic light scattering.
(D) Relative erythrocyte hemolysis mediated by 5 pg/mL of indicated polymer at pH ranging

from 7.4 to 4.8 (n=4).
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Figure 2. Evaluation of inflammasome activation by PEG-b-(DMAEM A-co-BMA) polymers.
(A) Secretion of IL-1p by THP-1 and THP1-Def-NLRP3 cells treated with LPS (100

ng/mL) for 3 hours and then indicated polymer solution (10-40 pg/mL) for 4 hours as
measured with ELISA (n=6; two-way analysis of variance (ANOVA); p-values correspond
to comparison between THP1-Def-NLRP3 and THP-1 at same polymer concentration). (B)
IL-1pB secretion from THP-1 cells treated with LPS (100 ng/mL) for 3 hours and then
polymer solutions (10-40 ug/mL) for 4 hours with or without pre-treatment with Z-VAD-
FMK (caspase inhibitor), measured with ELISA (n=6; two-way analysis of variance
(ANOVA); p-values correspond to Z-VAD-FMK compared to no inhibitor at same
concentration for each polymer). (C) Effect of LPS priming on IL-1p secretion in THP-1
cells treated with or without LPS (100 ng/mL) for 3 hours and then 40 ug/mL of polymer
solutions for 4 hours, measured with ELISA (n=6; two-way analysis of variance (ANOVA);
p-values correspond to no LPS priming compared to LPS priming for each polymer). (D)
Cytotoxicity of polymer solutions (40 pg/mL) in THP-1 cells (4 hour treatment), measured
by flow cytometry using Calcein (live) AM/Ethidium Homodimer-1 (dead) cell staining
(n=2; one-way analysis of variance (ANOVA); p-values correspond to percentage of cell
death caused by each polymer compared to no treatment (NT)). *p<0.05, **p<0.01,
***p<(.005 ****p<0.001.
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Figure 3. Evaluation of lysosomal rupturein responseto PEG-b-(DMAEMA-co-BM A) polymers.
(A) Representative flow cytometry histograms of THP-1 cells stained with acridine orange

(lysosome accumulating dye). THP-1 cells were not treated (NT), incubated with LLoMe
(positive control), or treated with indicated polymer solution for 4 hours. (B) Representative
fluorescent microscopy images of acridine orange stained THP-1 cells are shown where loss
of staining indicates lysosomal rupture. THP-1 cells were not treated (NT), treated with
LLoMe (positive control), or treated with polymer solutions for 4 hours and stained with
acridine orange for 20 minutes before imaging. Scale bars represent 5 um. (C)
Quantification of lysosomal rupture as measured by flow cytometry in THP-1 cells that were
either not treated (NT), treated with LLoMe (positive control), or treated with polymer
solutions for 4 or 24 hours and stained with acridine orange for 3 hours. Amount of acridine
orange in cells measured using flow cytometry (n=2; one-way analysis of variance
(ANQOVA); p-value corresponds to percent rupture of each polymer compared to percent
rupture of NT, for each time point independently). (D) IL-1 secretion from THP-1 cells
treated with LPS (100 ng/mL) for 3 hours and then polymer solutions (10-40 pg/mL) for 4
hours with or without pre-treatment with CA-074 Me (cathepsin inhibitor), measured with
ELISA (n=6; two-way analysis of variance (ANOVA); p-value corresponds to CA-074 Me
compared to no inhibitor for each polymer). *p<0.05, **p<0.01, ***p<0.005 ****p<0.001.
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Figure 4. Evaluation of luciferase knockdown and inflammasome activation with ssSRNA-loaded
carriers.

(A) Secretion of IL-1p by THP-1 cells treated with LPS (100 ng/mL) for 3 hours and then
indicated carriers complexed with siRNA (0 — 50nM siRNA) for 4 hours, measured with
ELISA (n=6). (B) Secretion of IL-1p by THP-1 cells treated with LPS (100 ng/mL) for 3
hours and then empty polymeric carriers or carriers complexed with siRNA at dose
corresponding to 50 nM siRNA for 4 hours, measured with ELISA (n=6). Polymer
concentration is matched for both groups ranging from 18 ug/mL (0B) to 38 pg/mL (60B).
(C) Percentage of luminescence from MDA-MB-231-Luc cells following 24 hour treatment
with indicated carrier complexed to luciferase siRNA, normalized to treatment with the same
carrier loaded with scrambled siRNA (n=4; one-way analysis of variance (ANOVA); p-value
corresponds to percent luminescence for each polymer compared to percent luminescence of
NT, for each concentration independently). *p<0.05, **p<0.01, ***p<0.005 ****p<0.001.
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Figure5. Lysosomal rupture, but not membrane destabilizing activity at early endosomal pH-
value, is correlated to inflammasome activation.

(A) Relationship between percent hemolysis at pH 6.2 and IL-1p secretion after treatment
with 40 pg/mL for 4 hours demonstrates there is not a correlation between hemolytic activity
and inflammasome activation. (B) Relationship between percentage of lysosomal rupture
after 4 hours and IL-1p secretion after treatment with polymers at 40 pg/mL for 4 hours
reveals a positive correlation between lysosomal rupture and inflammasome activation. (C)
Data support a working hypothesis that PEG-b-(DMAEMA-co-BMA) polymers with 50—
60% BMA (50B and 60B) are endocytosed, and disassemble at early endosomal pH values
to mediate disruption the endosomal membrane, resulting in release of cargo into the
cytosol. By contrast, polymers containing 0-40% BMA do not have enough BMA to
actively solvate endosomal membranes, instead trafficking to lysosomal compartments,
where they ultimately induce lysosomal rupture and release of cathepsins, which contributes
to inflammasome activation and secretion of IL-1p.
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