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Abstract

Uncontrolled inflammation is responsible for acute and chronic diseases in the lung. Regulating
expression of pro-inflammatory genes in pulmonary tissue using small interfering RNA (siRNA)
is a promising approach to combatting respiratory diseases. However, siRNA therapeutics are
generally hindered at the cellular level by endosomal entrapment of delivered cargo, and at

the organismal level by inefficient localization in pulmonary tissue. Here we report efficient
anti-inflammatory activity /n vitroand /n vivo using polyplexes of siRNA and an engineered
cationic polymer (PONI-Guan). PONI-Guan/siRNA polyplexes efficiently deliver siRNA cargo to
the cytosol for highly efficient gene knockdown. Significantly, these polyplexes exhibit inherent
targeting to inflamed lung tissue following intravenous administration /n vivo. This strategy
achieved effective (>70%) knockdown of gene expression /7 vitro and efficient (>80%) silencing
of TNF-a expression in LPS-challenged mice using a low (0.28 mg/kg) siRNA dosage.
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INTRODUCTION

Inflammation underlies the pathogenesis of many autoimmunel-2 and chronic diseases®

in the lung including emphysema® and chronic obstructive pulmonary disease (COPD).?
Acute inflammation in response to pulmonary insult is responsible for many particularly
severe conditions® including acute respiratory distress syndrome (ARDS),” and contributes
to the high mortality of diseases such as COVID-19.8 Corticosteroids administered through
inhalation, in tandem with bronchodilators to relax airway muscles, generally serve as the
first-line therapy for attenuating pulmonary inflammation,? but side effects associated with
long-term use are a concern.10:11 In recent years antibody therapeutics have emerged as a
promising alternative for the treatment of pulmonary inflammation213 through inhibition
of cytokines# and chemokines!® or their receptors.1® However, limited distribution to the
lungs!” coupled with a high degree of immunogenicity®® and the risk of cytokine release
syndrome?® have prevented these methods from reaching clinical translation.

Gene knockdown using small interfering RNA (siRNA) is a promising approach for
combatting inflammatory disease through controlled modulation of essential inflammatory
pathways.20 21 |_ocalization of SiRNA in the cytosol is a prerequisite for activity,?2 and
carrier vehicles2324 have been developed to promote cellular uptake of anti-inflammatory
siRNA.2° Therapeutic delivery of siRNA for treatment of lung inflammation faces
challenges related to inefficient delivery on a cellular level due to endosomal entrapment.26
Current siRNA delivery systems generally enter cells through inefficient endosomal uptake
pathways, severely curtailing efficiency of cytosolic entry (<10%) and promoting endo/
lysosomal degradation of cargo.2’

Therapeutic delivery to the lungs /n vivo faces challenges due to poor agent localization

in pulmonary tissue following intravenous administration.28 In recent years, lipid-based
nanoparticle formulations have been used to circumvent these obstacles, but they require a
high dosage to achieve effective knockdown in pulmonary tissue. Aerosolization of SiIRNA-
loaded carriers29-30 provides a direct means of delivering RNA cargo to pulmonary tissue,3!
however obstacles related to formulation32:33 and inefficient penetration through mucosa
must be overcome.3* Intravenous administration provides a straightforward approach to
accessing therapeutic sites of action, but generally results in limited localization to organs
other than those of the reticuloendothelial system (RES) such as the liver, spleen, and
kidneys.3> These challenges collectively increase the dosage requirement for effective
treatment, leading to more off-target effects and cytotoxicity in the treatment of lung
inflammation.36

Polymeric delivery systems have the potential to address delivery challenges at both
cellular and systemic levels, providing an effective therapeutic approach for treatment

of lung inflammation. Previous work by our group showed that self-assembly between
oligo(glutamate)-tagged proteins and guanidiniumfunctionalized poly(oxanorbornene)imide
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(PONI-Guan) polymers resulted in discrete supramolecular complexes (~200 nm) with
cationic surface charges.3” These complexes delivered protein cargo directly to the cytosol
with high efficiency (>90%) through a membrane fusion-like uptake process, evidenced by
diffuse cytosolic/nuclear fluorescence of fluorescent protein cargo and negligible overlap
with endo/lysosomal markers.38

On a systemic level, PONI-Guan/protein complexes demonstrated inherent tropism for
inflamed lung tissue following intravenous administration in murine models of ARDS.3°
These studies utilized lipopolysaccharide (LPS) administered through retro-orbital injection
to induce inflammation. Delivery using PONI-Guan polymers resulted in substantial
accumulation of polymer/protein complexes in inflamed lungs, quantified through
radiolabeling. The lungs serve as a major reservoir of neutrophils and other phagocytic
immune cells during the innate immune response, potentially driving ‘homing’ to the
lungs through recognition by neutrophils and macrophages.3®

We hypothesized that self-assembly of nucleic acids could proceed in a similar fashion

to that observed using anionic oligoglutamate peptide tags. PONI-Guan polymers self-
assembled with siRNA through electrostatic interactions to generate discrete (~170 nm)
polyplexes with cationic surface charges. The observed physiochemical similarities by size
and zeta potential with PONI-Guan/protein complexes suggested that these polyplexes
would interact similarly with the cell membrane, promoting cytosolic uptake of siRNA
cargo. Systemically, we hypothesized that sSiRNA behavior would be similar to that
observed with proteins, facilitating localization in pulmonary tissue following intravenous
administration. Together, these attributes would overcome two major challenges faced by
current siRNA delivery strategies.*142

Here we describe a multi-scale approach for combatting lung inflammation through
knockdown of tumor necrosis factor a (TNF-a) in pulmonary cells using systemically
administered PONI-Guan/siRNA polyplexes (Figure 1). TNF-a is a potent pro-
inflammatory cytokine, heavily implicated in the pathogenesis of severe inflammatory
diseases such as pneumonitis.#344 Targeting TNF-a using siRNA provides an approach to
mitigate inflammation and combat inflammatory disease by controlling cytokine expression
at an organ-specific level 42 46 PONI-Guan homopolymers formed discrete nanoscale
polyplexes with siRNA through electrostatic complementarity and delivered cargo to the
cytosol /n vitro with efficient (>70%) knockdown of a GFP reporter in macrophagess
(RAW 264.7) cells. Intravenous administration of PONI-Guan/siRNA polyplexes in LPS-
challenged mice resulted in a 3-fold increase in pulmonary localization as compared

to naive mice, with concomitantly effective serum TNF-a knockdown (>80%). Taken
together, polymer-siRNA polyplexes immediately provide a powerful tool for silencing of
pro-inflammatory genes with clear potential for clinical translation.

RESULTS AND DISCUSSION

Characterization of PONI-Guan/siRNA polyplexes.

PONI-Guan homopolymer (~60 kDa MW) was synthesized, characterized and used for
experiments, as it provided the highest efficacy according to our previous reports3’ Briefly,
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PONI-Guan homopolymer was synthesized using ring opening metathesis polymerization
(ROMP) using third generation Grubbs’ catalyst, yielding polymers with low polydispersity
(Figure S1). Moreover, ROMP provides high control over molecular weights and avoids
variation across different batches as shown in GPC characterization (Figure S2). Polyplexes
were formed through simple co-incubation with siRNA. Details are available in Methods.
Complexation between PONI-Guan and siRNA at varied guanidinium/phosphate (G/P)
ratios was confirmed by gel mobility shift assay with complete complexation of SiRNA
observed (Figure 2a) with sufficient polymer. The sizes and zeta potentials of the PONI-
Guan/siRNA polyplexes were measured in triplicate using dynamic light scattering (DLS)
(Figure 2b, 2c, and S2). Polyplexes displayed an average diameter of 170 nm with

low PDI (less than 0.1). Zeta potential analysis revealed that average charge increased
with G/P ratio due to increased charge contribution by cationic PONI-Guan polymers.
Transmission electron microscopy (TEM) of PONI-Guan/siRNA polyplexes confirmed
spherical morphology with low dispersity (Figure 2d). The encapsulation efficiency

of siRNA was verified by Ribogreen assay (Figure 2e). The siRNA encapsulation
efficiency in polyplex was 297% at mostG/P ratios. Further, functional encapsulation of
siRNA in polyplex was verified using nuclease degradation assay. Efficient protection of
SiRNA against nuclease degradation is a prerequisite for intracellular delivery. Polyplexes
were prepared and incubated with RNase A to simulate physiological conditions. The
encapsulation of siRNA by PONI-polymers efficiently protected siRNA from enzymatic
degradation by RNase A, while free siRNA was fully degraded (Figure 2f). Similarly,
polyplexes efficiently protected siRNA against degradation in serum and whole blood
(Figure S4). Naked siRNA was hardly detected after being incubated with 10% serum and
human whole blood for 1 h. However, the band of siRNA in polyplex could be detected
even after being incubated for 12 h, suggesting the stability of sSiRNA in the polyplex was
obviously improved, and indicating that our delivery platform protects the siRNA payload
from degradation by plasma proteins.

Evaluation of siRNA delivery using PONI-Guan/siRNA polyplexes.

Delivery into the cytosol is necessary to provide siRNA with access to intracellular
machinery for gene silencing. We evaluated the uptake of siRNA mediated by PONI-

Guan polymer in macrophages (RAW 264.7 cells) as a proxy cell line for neutrophils

in vitro,*” considering the potential tropism of PONI-Guan/protein nanocomposites for
phagocytes in inflamed lungs.3° Macrophages play key roles as primary mediators of
inflammation and immune cell recruitment in innate immunity,*8 making them prime targets
for immunomodulation. Polyplexes were prepared with fluorophore-tagged, scrambled-
sequence siRNA (Cy3-siRNA) and incubated with RAW 264.7 cells in serum-containing
(10% fetal bovine serum, FBS) culture media to simulate physiologically relevant
conditions. After incubation, cells were washed with phosphatebuffered saline (PBS) and
cellular uptake was visualized by confocal laser scanning microscopy (CLSM). Diffuse
fluorescence signals were observed in cell cytosols after incubation with PONI-Guan/Cy3-
siRNA polyplexes and cellular internalization of the Cy3-siRNA was confirmed using a
Z-stack image (Figure 3a). Cytosolic siRNA delivery was observed in the majority of cells
after 6 h and negligible overlap with endo/lysosomes was found after being exposed to Cy3-
SiRNA polyplexes for 6 h, as visualized by Lysotracker Deep Red counterstaining. We also
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compared the delivery of Cy3-siRNA with a commercially available transfection reagent
(RNAIMAX). Significantly, the PONI-Guan/Cy-3-siRNA signal was evenly distributed
within the cytosol while with RNAIMAX had obviously punctate fluorescence, with less
overall signal (Figure 3b). Previous studies of siRNA delivery demonstrated when dye
labeled siRNA is internalized primarily by endocytosis, it shows a punctate fluorescence
pattern.49:50 The diffuse fluorescence observed with the PONI-Guan delivery system is
consistent with a non-endocytic entry route, however an endocytitic pathway followed by
extraordinarily rapid endosomal escape cannot be fully excluded.

Imaging flow cytometry provides a powerful tool for quantifying delivery efficiency using
large data sets.51 This technique was utilized to quantitatively determine macrophage
cellular uptake of Cy3-siRNA (Figure 3c). PONI-Guan/Cy3-siRNA was prepared as
described and incubated with RAW 264.7 cells for 24 h in serum-containing media. After
incubation with PONI-Guan/Cy3-siRNA, the percentage of Cy3 positive macrophage cells
was measured, which was significantly higher (92.4%) than that of incubation with naked
SiRNA (2.2%) or non-treated control cells (0.7%). To quantify delivery efficiency, a robust
approach was applied to the data as a series of gates, as shown in supporting information
(Figure S4). Fluorescence was observed to be diffuse throughout the cytosols and efficient
cytosolic delivery was revealed, consistent with the results obtained by CLSM. These studies
demonstrate that PONI-Guan/siRNA polyplexes can effectively transport siRNA into the
cytosol.

Reporter gene silencing and evaluation of uptake mechanism.

Having demonstrated efficient cytosolic delivery of siRNA, we next investigated

gene knockdown efficacy in macrophages. Stably transfected eGFP-expressing murine
macrophages (RAW 264.7:eGFP) were incubated with PONI-Guan/siRNA polyplex
targeting eGFP (PONI/si_GFP) at varied G/P ratios, or scrambled siRNA (PONI/
si_scramble) as a control. After 48 hours of incubation, the eGFP expression profile was
monitored by CLSM and flow cytometry. Analysis by flow cytometry revealed effective
knockdown (>70%) of eGFP expression at G/P 30 (50 nM siRNA), with eGFP expression
reduced in an siRNA concentration-dependent manner (Figure 4a and Figure S6). This
optimized ratio was used for subsequent studies. Incubation with scrambled siRNA or naked
siRNA had no effect on eGFP expression. Delivery efficiency was also compared with a
commercially available transfection reagent for sSiRNA (RNAiIMAX). PONI-Guan/si_GFP
polyplexes exhibited gene silencing efficiency superior to the commercial transfection
reagent by ~25%.

Previous studies of PONI-Guan/protein delivery demonstrated diffuse cytosolic fluorescence
of GFP and internalization via non-endocytic uptake37:38 Diffusion of Cy3-siRNA
throughout the cytosol after delivery thus suggested that PONI-Guan/siRNA polyplexes
followed a similar delivery mechanism. To investigate this possibility, macrophage

cells were pretreated with established small molecule inhibitors of uptake mechanisms

prior to delivery. RAW 264.7:eGFP cells were pretreated with chlorpromazine and
imipramine to target clathrin-mediated endocytosis and micropinocytosis, respectively

as canonical endocytic pathways.. Nystatin®2 and methyl-B-cyclodextrin (MBCD)®2 both
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deplete cholesterol from the cell membrane, affecting membrane structure and dynamics.
The membrane fusion-like process hypothesized for the PON-Guan deliver system relies

on choleserol-mediated membrane flexibility,.>4%> Knockdown efficiency was evaluated by
flow cytometry (Figure 4b). Consistent with our previous reports that cholesterol provided
membrane fluidity important for promoting cytosolic delivery of protein through vehicle
fusion with cell membranes,37: 56 pretreatment with membrane cholesterol depletion agents
reduced knockdown efficiency by >75%, while endocytosis-related inhibitors had minimal
effect on knockdown efficacy (<10%). Comparable results were obtained from analyses via
CLSM (Figure 4c). Taken together, these results collectively support our hypothesis that
PONI-Guan polyplexes deliver siRNA cargo into cells through a membrane fusion-type
mechanism, accessing a highly efficient means of entry for biologic cargo. However,
nystatin and MBCD have also been reported to inhibit caveolar uptake mechanisms®’, so
the possibility of caveolar uptake followed by an unusually fast escape cannot be completely
ruled out.

TNF-a gene silencing in vitro.

Pulmonary inflammation in response to infection or injury is a leading cause of mortality for
multiple diseases.*3 Since this inflammation is strongly modulated by tumor necrosis factor
a (TNF-a),* a potent pro-inflammatory cytokine implicated in systemic inflammation as
well as pathogenesis of lung-specific inflammatory diseases, we investigated the delivery
of functional anti-TNF-a siRNA (si_TNF-a) as a model anti-inflammatory payload. PONI-
Guan/si_TNF-a (50nM of siRNA) polyplexes were incubated with RAW 264.7 cells for

24 h. To stimulate inflammation, cells were then exposed to bacterial lipopolysaccharide
(LPS, 1 ug/mL) for 3 h. After incubation, supernatant was collected and TNF-a levels
were measured by ELISA, which displayed effective (>65%) decreases in TNF-a secretion
(Figure 5a). Degradation of target MRNA was measured by qRT-PCR and revealed
significant (80%) inhibition when compared with controls (Figure 5b). The western blot
experiments confirmed that the protein levels of TNF-a were also reduced in PONI-Guan/
si_ TNF-a polyplexes treated RAW 264.7 cells (Figure 5c).

We also evaluated the toxicity of the PONI-Guan/siRNA polyplexes delivery platform
followed by cell viability assay, immune response tests, and hemolysis assay. Alamar

blue assay and cytokine immune response tests demonstrated that PONI-Guan/siRNA
polyplexes have negligible toxicity and low immune response at relevant working conditions
(Figure S7a-S7c). Hemolysis assays were also performed with human red blood cells to
evaluate the biocompatibility of PONI-Guan/siRNA polyplexes (Figure S7d). Similar to
Alamar blue assay, PONI-Guan polymers did not show hemolytic activity inferring excellent
biocompatibility with the blood compartment.

in vivo polyplex biodistribution in murine models of inflammation.

Motivated by the efficient gene knockdown observed in vitro, we sought to investigate
the polyplex-mediated knockdown efficiency of TNF-a. /in vivo using a model of lung
inflammation. A murine model of indirect pulmonary insult model was established through
intraperitoneal (I.P.) injection of LPS in BALB/c mice. An initial biodistribution (BD)
profile at 24 h after intravenous (1.V.) administration with naked Cy5.5-siRNA (0.28 mg/kg)
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revealed highest accumulation in the kidney (Figure S8). BD of Cy5.5-labeled polymer
alone showed notably enhanced accumulation in the lungs, followed by the liver and the
spleen. To investigate the pharmacokinetic differences between polyplexes, siRNA, and
polymer alone, BD studies with PONI-Guan/siRNA polyplexes (at G/P 30 with 0.28 mg/kg
of siRNA) were performed in parallel using either Cy5.5-labeled polymer or Cy5.5-labeled
scrambled siRNA both naive BALB/c mice and those challenged with 5 mg/kg of LPS.
Polyplexes were 1.V. administered through the tail vein after induction of lung inflammation,
and after 24 h major organs were harvested and imaged using an /7 vivo imaging system
(IV1S). BD results indicated that the majority of polyplexes accumulated in the liver and
spleen, with significant accumulation in the lungs as well (Figure 6a). To evaluate % of the
injected dose accumulated in the lungs, total radiant efficiency given as (p/slcm?2/sr)/(uW/
cm?) from all major organs was first calculated and then the radiant efficiency from the
lungs was divided by the total radiant efficiency. Notably, LPS stimulation enhanced lung
tropism, eliciting a 2.5-fold increase in the injected polyplex concentration in pulmonary
tissue as compared to naive mice (60% in inflamed lungs versus 25% in naive mice)
(Figure 6b—6c). Imaging using polyplexes with Cy5.5-siRNA likewise showed enhanced
accumulation in the lungs of LPS-challenged mice (Figure S9); no changes in body weight
or animal health were noted relative to a PBS control (data not shown). Macrophages and
neutrophils are key modulators of innate immunity, and crucial players in the pulmonary
inflammatory response.#” The results obtained were consistent with our previous reports

of lung tropism with PONI-Guan/protein nanocomposites,3? suggesting tropism of PONI-
Guan/siRNA polyplexes to inflamed lungs through interaction with these pro-inflammatory
phagocytes. Coupled with the effective cytosolic delivery of siRNA to macrophages
observed /in vitro, these studies demonstrate the potential for therapeutic immunomodulation
in a systemic inflammation model.

in vivo therapeutic efficacy of PONI-Guan/siRNA polyplexes.

We finally investigated the ability of polyplex-mediated siRNA delivery to regulate TNF-a
levels and modulate immune responses in an LPS-challenged BALB/c mouse model of
inflammation. LPS challenge (5 mg/kg) and polyplex administration were performed as
above. After sacrifice, blood and organs were collected and harvested for a TNF-a. ELISA
assay, qRT-PCR, and tissue analysis. Mice treated with PONI/si_TNF-a polyplexes (0.28
mg/kg siRNA) displayed ~80% reduction in serum TNF-a secretion compared to those
treated with PBS or PONI/si_scramble (Figure 7a). Treatment with 0.14 mg/kg siRNA
also exhibited efficient knockdown of ~40%. Both dosages utilized are notably lower than
are required for contemporary delivery platforms.>8:59 TNF-a. mRNA expression was also
evaluated using RT-PCR. Significant downregulation (70-80%) was observed in pulmonary
tissue as compared with PONI/si_scramble treatment, validating localization of sSiRNA to
the lungs (Figure 7b). There was no significant difference in serum TNF-a production

or mRNA levels between naive mice, indicating that polyplexes are biocompatible and
nonimmunogenic, and that attenuation of LPS-induced inflammation /n vivo resulted only
from siRNA-mediated knockdown.

Leukocyte recruitment and peribronchial wall thickening are two major hallmarks of
pulmonary inflammation.89:61 We evaluated tissue sections with hematoxylin and eosin
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(H&E) staining to observe the efficacy of polyplex-mediated siRNA delivery against

lung inflammation, revealing minimal leukocyte recruitment and negligible peribronchial
thickening in mice treated with PONI/si_TNF-a polyplexes (Figure 7c and 7d). In contrast,
significant peribronchial thickening (a 2-fold increase) was observed in LPS-challenged
mice with PBS or PONI/si_scramble treatment.

Nanoparticles are widely used vehicles for siRNA delivery but can cause significant liver
damage or fibrosis during clearance.52:63 We examined serum alanine aminotransferase
(ALT) and bilirubin levels in blood after sacrifice to determine the effects of PONI-Guan/
SiRNA polyplexes on liver function (Figure 7e). Clinical chemistry parameters indicated that
mice treated with polyplexes had similar results to those that experienced PBS treatment,
indicating no notable liver toxicity. Taken together, these results suggest that systemic
delivery of PONI-Guan/siRNA polyplexes targeting TNF-a effectively and safely attenuates
pulmonary inflammation induced by LPS challenge.

CONCLUSIONS

In summary, PONI-Guan/siRNA polyplexes provide an effective platform for
immunomodulation /n vitro and in vivo. Efficient cytosolic delivery of siRNA in
combination with natural homing to inflamed lungs provide a potent RNAi-based
therapeutic approach to anti-inflammatory immunomodulation. This method notably
requires a low dose of siRNA (0.14 — 0.28 mg/kg) to achieve efficient (>70%) knockdown.
This platform overcomes two key barriers to in vitroand in vivo siRNA delivery through 1)
efficient delivery into the cytosol and 2) dosing at significantly lower levels than required
contemporary clinical studies, reducing the risk of off-target effects. Moreover, the modular
properties of the PONI system allow for future modification to target other organs and parts
of the immune system. Further studies will explore targeting of other organs and tissues,

as well as determine cellular tropism of these vehicles. In summary, this polymer platform
provides a means of greatly enhancing the potential of therapeutic siRNA in the treatment of
pulmonary autoimmune disorders and other inflammatory conditions.

EXPERIMENTAL METHODS

General.

Cell culture.

All reagents or chemicals used were purchased from Fisher

Scientific or Sigma-Aldrich unless otherwise stated. All SIRNA

(si_scramble, sense strand, 5’-UUCUCCGAACGUGUCACGU-3’; si_GFP,

sense strand, 5’-AUGAUAUAGACGUUGUGGC-3’; si_ TNF-a, sense strand, 5’-
GCCGAUGGGUUGUACCUUG-3’; Cy3-labeled scramble) were purchased from Sigma-
Aldrich. Confocal microscopy images were obtained on a Nikon Al Sepectral Detector
Confocal Microscope using a 40X or 60X objective and flow cytometry was performed on a
Amnis ImageStream Mark 11 Imaging Flow Cytometry by counting 1,000 events.

RAW 264.7 cells, A549 cells, and HT1299 cells were purchased from American
Type Culture Ceollection (ATCC, Manassas, VA). eGFP-expressing RAW 264.7 (RAW
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264.7:eGFP) cells were a generous provided from Prof. Michelle Farkas (University of
Massachusetts Amherst). GFP is used as a reporter for iNOS in RAW 264.7:eGFP cells®,
but no inflammatory responses are observed following treatments with the agents. All cells
were cultured at 37°C under a humidified atmosphere of 5% CO». High-glucose Dulbecco’s
modified Eagle’s medium (DMEM, 4.5 g/L glucose) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic (100 U/mL penicillin and 100 pg/mL streptomycin) was
used for cell culture.

Preparation and Charaterization of PONI/siRNA polyplex.

PONI backbone C5 guanidinium monomer was prepared as previously described®® and
PONI-Guan Homopolymer (M.W. 60 kDa) was synthesized by ring-opening metathesis
polymerization using third generation Grubbs’ catalyst according to our previous report.3”
Briefly, solutions of guanidium functionalized monomer and Grubbs’ catalyst were
dissolved in dichloromethane (DCM) and subjected to multiple freeze-thaw cycles for
degassing. After warming the solutions to room temperature, the degassed monomer solution
was added to degassed catalyst solutions and allowed to stir for 30 min under nitrogen.

The polymerization was terminated by the addition of excess ethyl vinyl ether. The reaction
mixture was stirred further for another 30 min. The resultant polymer were precipitated
from excess hexane or anhydrous diethyl ether, filtered, washed, and dried under vacuum

to yield a light-yellow powder. The reaction yields varied from 90 to 98%. The resultant
polymer wascharacterized by 1H NMR and gel permeation chromatography (GPC) to assess
chemical compositions and molecular weight distributions, respectively. For removal of the
Boc functionalities, the polymer was dissolved in DCM with addition of trifluoroacetic

acid (TFA) at 1:1 ratio. The reaction was allowed to stir for 4 hours following which

excess TFA was removed by azeotropic distillation with methanol. Afterwards, the resultant
polymer was re-dissolved in minimal DCM and precipitated in anhydrous diethy! ether,
filtered, washed, and dried. Polymers were then dissolved in water and transferred to
Biotech CE dialysis tubing membranes with a MWCO of 10000 g/mol and dialyzed against
Milli-Q water (2-3 days). The polymers were then lyophilized to yield a light white

powder. Polyplexes were formed through simple co-incubation. Briefly, polymer stocks were
prepared in Milli-Q water, and added to sterile Eppendorf tubes followed by siRNA at varied
G/P ratios. Mixed well by pipetting and then incubated at ambient temperature for 10 min,
and added complete media (10% FBS, 1% antibiotic) to PONI/siRNA polyplex. To optimize
the conditions for siRNA encapsulation, 10 nM siRNA was mixed with PONI-Guan at
different G/P ratios for 10 min and then subjected to electrophoresis on 1% agarose gel.

To evaluate the protection of siRNA against RNase A digestion, PONI/siRNA polyplexes
were incubated with RNase A (35 mU) at 37 °C for 1 h and then the enzymatic reaction

was stopped by adding 50 mM sodium dodecyl sulfate (SDS) to denature RNase A at

60 °C for 5 min. To the above reaction mixture was added 50 mg/ml heparin solution,
followed by another 10 min incubation to displace siRNA from PONI/siRNA polyplexes,
and then subjected to electrophoresis on agarose gel. For serum stability study, polyplexes
were incubated with 10% FBS at 37°C for 12 h or human whole blood (BiolVT Elevating
Science) for 24 h. At a predetermined time, samples were taken out. Then, nucleases in

FBS were denatured by adding 50 mM SDS solution, followed by an additional adding

50 mg/ml heparin to dissociate siRNA from polyplexes before executing an agarose gel
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retardation assay. Size and zeta potential were measured by dynamic light scattering (DLS,
Nano series, Malvern Instruments Inc). The morphology of PONI/SiRNA polyplexes was
analyzed and photographed viaa FEI Tecnai-T12 electron microscope. The transmission
electron microscopy (TEM) sample was prepared by dipping a 300-mech copper grid coated
with carbon film in the solution and drying at room temperature for two days.

Determination of the extent of siRNA loading efficiency using the RiboGreen assay.

The extent of SiRNA loading in the prepared polyplexes was measured using the Quant-

iT Ribogreen RNA Assay Kit by following the manufacturer’s instructions. Total SiRNA
content is defined as the amount of encapsulated and non-encapsulated/free siRNA in the
polyplexes. The difference between free siRNA and the total SiRNA was used to calculate
the amount of siRNA encapsulated within the polyplexes. The fluorescence were measured
at an excitation wavelength of 485 nm and an emission wavelength of 528 nm. The % of
encapsulation efficiency was calculated using the following formula.

% of siRNA encapsulation efficiency =
(Amount of total siRNA in thesample — Amount of free siRNA in the samle)

Amount of total siRNA in the sample x 100%

Cytoxoticity of PONI-Guan/siRNA polyplexes.

Cells were seeded (3x103 cells/well) in a 96-well plate 24 h prior to the experiment. At
the day of experiment, cells were washed by PBS and treated with varied concentration
of PONI-Guan polymers or PONI-Guan/siRNA polyplexes followed by an incubation
of additional 48 h with complete media (10% FBS, 1% antibiotic). The cell viability
was measured using AlamarBlue assay (Invitrogen, CA) by following the manufactures’
instruction.

Analysis of inflammatory cytokines.

Enzyme-linked immunosorbent assay (ELISA, BD Bioscience) was used to detect the
secretion of TNF-a or IL-6 in cells according to the manufacturer’s instructions. Briefly,
supernatatnt of cells with varied concentration of PONI-Guan/siRNA polyplexes was
collected and then subjected to ELISA assay. Cytokine status was inspected in regards with
the recombinant biotinylated murine TNF-a or IL-6 standards supplied with the kits.

Homolysis assay to evaluate biocompatibility.

Human whole blood (pooled, mixed gender) was purchased (BiolVT Elevating Science) and
precessed as soon as received. Red blood cells were colloced through centrifugation at 5000
rpm for 5 min followed by washing 4 times with PBS and then diluted in PBS to a final
concentration of approximately 5% (v/v). Vaied concentration of PONI-Guan polymers were
serially diluted using PBS and incubated in 96-well plates (200 uL/well). The blood cell
suspension (20 pL/well) was added to each well and the plates were incubated at 37°C for

1 h while shaking at r.p.m. PBS and 1% of Triton X-100 were used as negative and positive
controls, respectively. After incubation, the mixture was centrifuged at 3000 r.p.m. for 7
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min and 120 pL of supernatant was transferred to a new 96-well plate. The absorvance was
recorded at 560 nm in each well, and hemolysis was calculated using the following formula.

(OD 560s,mp1c — OD 560p55)

(OD 5601150, — OD560p55) < 10

Hemolysis =

Confocal laser scanning microscope (CLSM) for fluorescently labeled Cy3-siRNA delivery.

Confocal laser scanning microscopy (CLSM) imaging was performed using a Nikon Al
Sepectral Detector Confocal Microscope. For imaging of the cellular uptake of PONI/
SiRNA polyplex, cells (1.5 x10° cells) were seeded in a 35mm glass bottom culture dish
(MatTek, MA) a day before the experiment. On the day of treatment, cells were washed
with phosphate buffer saline (PBS) followed by replacement with complete media (10%
FBS and 1% antibiotic) containing PONI/Cy3-siRNA (25nM), followed by another 6 h of
incubation at 37 °C. After removing medium, the cells were washed with PBS, stained
with Lysotracker Deep Red (Invitrogen), and visualized for fluorescence imaging using
the confocal microscope. Images were processed and analyzed using the NIS-Elements
Advanced Research software (Nikon).

Imaging flow cytometry for uptake mechanism knockdown evaluation with endocytic

inhibiitors.
RAW 264.7:eGFP cells were seeded for 24 h prior to treatments. On the day of the
experiment, cells were washed with PBS and incubated with the PONI/si_GFP polyplexes
in complete media (10% FBS and 1% antibiotic) containing a dissolved quantity of small
molecule, chlorpromazine (1.5 pg/mL), imipramine (3 pg/mL), nystatin (50 pg/mL), or
methyl-B-cyclodextrin (MBCD, 7.5 pg/mL) for 4 h at 37 °C, 5% CO,. For the comparison
of commercial transfection reagent, RNAIMAX and the same amount of sSiRNA were mixed
according to manufacturer’s instructions. Cells were cultured for additional 48 h before
CSLM imaging studies and flow cytometry analysis. The cells were trypsinized, harvested,
and resuspended in PBS for flow cytometry analysis on Amnis ImageStream Mark |1
Imaging Flow Cytometry (Luminex). At least 1000 events were analyzed for each sample
according to the standard instrumentation protocol from Amnis. Briefly, after incubation
with PONI-Guan/Cy3-siRNA, single cells were isolated and gated using a scatterplot of
Aspect Ratio versus Area of the Brightfield area. Then, fluorescence positive cells were
gated, and the internalization wizard provided by the Amnis IDEAS software was utilized as
a preliminary gate during the screening process. The isolated population from the gating
stage was manually confirmed by the user and provided separation between cytosolic
delivery and surface-bound cells.

In vitro TNF-a knockdown.

RAW 264.7 (2.0 x 10° cells/well) were cultured in a 48-well plate for 24 h prior to the
experiment. At the day of experiment, cells were washed with PBS and treated with media
containing PONI/siRNA (50 nM) for 24 h, followed by 3 h LPS stimulation (1 pg/mL in
PBS). At the end of incubation, cultured media was collected for TNF-a level measurement
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by ELISA (R&D System, MN, USA) using a mouse TNF-a. ELISA kit according to the
manufacturer’s protocol.

Animal care and in vivo biodistribution.

All animal experiments were conducted under Protocol Number: 2492 in accordance with
the guidelines of Institutional Animal Care and Use Committee (IACUC) at University

of Massachusets Amherst. Female BALB/c mice at least 5 weeks of age used for
biodistribution and therapeutic studies were purchased from The Jackson Laboratory (Bar
Harbor, ME). All mice were allowed to rest for at least one week in the animal facilities
before any procedure was performed. To induce lung inflammation in mice, 5mg/kg of LPS
in PBS was injected intraperitoneally into mice. 6 h after LPS injection, Cy5.5-siRNA,
Cy5.5-PONI-Guan, Cy5.5-PONI/siRNA polyplex, or PONI/Cy5.5-siRNA polyplex in PBS
at a sSiRNA dose of 0.28 mg/kg were administered intravenously. After 24 hours, mice were
sacrificed and organs were collected for ex vivo imaging using an VIS system.

Inflammation treatment studies and in vivo gene silencing.

To treat lung inflammation, female BALB/c mice were first intraperitoneally challenged
with LPS (5 mg/kg) in PBS. 6 h after the challenge, Cy5.5-siRNA, Cy5.5-PONI-Guan,
Cy5.5-PONI/siRNA polyplex, or PONI/Cy5.5-siRNA polyplex in PBS at a siRNA dose of
0.14 or 0.28 mg/kg were administered intravenously. After 24 hours, mice were sacrificed
and blood was collected for the TNF-a. knockdown study and centrifuged in serum separator
tubes at 5000 r.p.m. for 10 min, and then supernatant serum was carefully collected for TNF-
a analysis ELISA (R&D Systems, MN, USA) using a mouse TNF-a ELISA kit according
to the manufacturer’s protocol. Blood was also collected for the liver function assays. Serum
total bilirubin and alanine aminotrasferase (ALT) were measured using commercial kits
(Teco Diagnostics, Anaheim, CA) according to the manufacturer’s protocols. The lungs
were collected for histology analysis after 24 hours and fixed in 4% paraformaldegyde
(Sigma-Aldrich) overnight at 4°C. The lungs were dehydrated in ethanol, cleared in xylenes,
embedded in paraffin, and sectioned at 7 pm. Hematoxylin and eosin staining was performed
as previously described.56 Images were obtained using a Nikon Eclipse Ti2 inverted
microscope with a DS-Ri2 color camera and analyzed using the NIS-Elements software

and Image J software.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR).

RAW 264.7 cells (2x10° cells/well) were cultured in a 6-well plate for 24 h prior the
experiment. At the day of experiment, cells were washed by PBS and treated with PBS,
PONI/si_scramble, PONI/si_TNF-a polyplexes at the indicated SiRNA concentration (dose
of 50 nM at G/P 30) for 24 h, followed by 3 h LPS stimulation (1 pg/mL). At the end

of incubation, cells were washed with PBS and then harvested with TRIZol reagent. For

in vivo samples, lungs were harvested once mice were sacrificed. The lungs were washed
with PBS and homogenized with Trizol reagent. RNA extraction was performed using the
Pure Link RNA Mini kit (Ambion) following the manufacturer’s protocol. Superscript 1V
reverse transcriptase (Invitrogen) was used for conversion of approximately 100 ng of RNA
to cDNA, along with RNaseOut, also following manufacturer’s instructions. RT-PCR was
performed on cDNA as prepared above using a CFX Connect Real Time System with iTag
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Universal SYBR Green Supermix (Biorad). All primers were purchased from Integrated
DNA Technologies (Caralville, lowa). The following sequences were used: TNF-a Forward
(5’-CCT GTA GCC CAC GTC GTA A-3’), Reverse (5’-GGG AGT CAA GGT ACA ACC
C-3’); p-actin Forward (5"-GAT CAG CAA GCA GGA GTA CGA-3’), Reverse (5'-AAA
ACG CAG CTC AGT AAC AGT C-3"). At least three biological replicates were performed
for each control group and three technical replicates were used for each biological replicate.
All TNF-a mRNA measurements was normalized to B-actin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of study design. Polyplexes form between PONI-Guan polymers and siRNA
through self-assembly of the two components, with competent polyplexes releasing siRNA
through membrane fusion-like delivery. Systemically administered polyplexes distribute to
lung tissue, with preferential localization to inflamed lungs.
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Figure 2.

Characterization of PONI-Guan/siRNA polyplexes. a) Agarose gel electrophoresis of PONI-
Guan/siRNA polyplexes at varied G/P ratios. b) Hydrodynamic diameters by number and

c) zeta potential of PONI-Guan/siRNA polyplexes at varied guanidinium-phophate (G/P)
ratios. Polyplex sizes by intensity and volume are available in Supporting information
(Figure S2). d) Representative transmission light microscopy (TEM) micrographs of
polyplexes at G/P 30. e) encapsulation efficiency of SiRNA in polyplexes at varied G/P
ratios. f) Nuclease protection of PONI-Guan/siRNA polyplexes at G/P 30 incubated with
RNase A.

ACS Nano. Author manuscript; available in PMC 2024 March 14.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jeon et al. Page 20

Lysotracker Lysotracker

Untreated (0.7%)

300 PONI-Guan/siRNA polyplex (92.4%

e EEE—

Count

PONI-Guan/Cy3-siRNA Merged with Z-stack z RNAIMAX/Cy3-siRNA 200

10 10°

Cy3 Fluorescence Intensity

Figure 3.
Cytosolic delivery of fluorophore-labeled siRNA by PONI-Guan/siRNA polyplexes. a-

b) Representative confocal laser scanning microscopy (CLSM) images of Cy3-labeled
SiRNA delivery (Red, 25 nM siRNA) using PONI-Guan/siRNA polyplexes at G/P 30 or

a commercially available reagent (RNAIMAX) in RAW 264.7 macrophage cells. Endo/
lysosomes were stained with Lysotracker Deep Red (Cyan). Diffuse fluorescence and lack of
co-localization with Lysotracker indicates cytosolic access of sSiRNA. Scale bars: 50 pm. ¢)
Flow cytometric histogram profiles of fluorescence intensity of RAW 264.7 cells after 24 h
incubation with naked Cy3-siRNA or PONI-Guan/Cy3-siRNA polyplexes at G/P 30 (25 nM
SIRNA).
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Figure 4.

Fluorescent reporter gene silencing and evaluation of uptake mechanism. a) Quantification
of eGFP knockdown in RAW 264.7:eGFP cells following treatment with PONI-Guan/
si_GFP (50 nM of siRNA) polyplexes as function of G/P ratio, as quantified by cytometry.
Flow cytometry histogram profiles of eGFP intensity with PONI-Guan/si_GFP polyplexes
is available in Supporting information (Figure S5). b) Quantification of eGFP knockdown
in RAW 264.7:eGFP cells following pretreatment with small molecule inhibitors of
canonicalendocytosis or cholesterol depletion agents. Fluorescence intensity was measured
by flow cytometry and normalized. Error bars represent standard deviation (SD) of three
experimental replicates (Data are presented as mean + SD, one-way Anova and Tukey
multiple comparisons, ****p < 0.001) MBCD = methyl-p-cyclodextrin. c) Representative
CLSM images of RAW 264.7:eGFP cells after treatment with PONI-Guan/scramble-siRNA
polyplexes (top left), PONI-Guan/GFP-siRNA polyplexes (top right), PONI-Guan/GFP-
siRNA with chlorpromazine pretreatment (bottom left), and with PONI/GFP-siRNA with
methyl-p-cyclodextrin pretreatment (bottom right). Cell nuclei stained with DAPI (blug).
Deliveries for b) and c¢) were performed with polyplexes formulated at G/P 30 ratio with 50
nM of siRNA. Scale bar: 50 um.
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Figure5.

TNF-a gene silencing with PONI-Guan/si_TNF-a polyplexes.
Guan/si_TNF-a polyplexes decreased TNF-a production in LP

Page 22

<

a) in vitro delivery of PONI-
S-stimulated RAW 264.7

macrophages. Cells were incubated with PONI-Guan/si_scramble or PONI-Guan/si_TNF-a

polyplexes for 24 h, followed by 3 h LPS stimulation (1 pg/ml).

Supernatant TNF-a

levels were measured by ELISA. Naive cells indicate RAW 264.7 cells that received no

lipopolysaccharide (LPS) treatment. b) Relative TNF-a mRNA

expression was verified

using quantitative RT-PCR (qRT-PCR). Error bars represent standard deviation (SD) of three

experimental replicates (Data are presented as mean + SD, one-

multiple comparisons, ****p < 0.001). c) Western blot analysis

way Anova and Tukey
of TNF-a in RAW 264.7

cells that were untreated or treated with the indicated siRNA for 48 h. GAPDH was included

as a loading control.
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in vivo biodistribution of PONI-Guan/siRNA polyplexes in LPS-challenged BALB/c

mice. a) Representative /n vivo imaging system (IVIS) organ images of polyplexes

Ny
o
/’,s

labeled with Cy5.5-PONI-Guan (left) or Cy5.5-siRNA (right), showing colocalization and
lung accumulation following systemic administration in LPS-challenged mice. b) Tissue-
level biodistribution of polyplexes (Cy5.5-PONI-Guan) reveals preferential lung tropism,
enhanced by LPS challenge (n=3). Radiant efficiency given as (p/s/cm?/sr)/(uW/cm2). c)
% of injected dose in the lung 24 h after systemic administration. Error bars represent the
mean + the standard error of the mean (SEM) (n=3, one-way Anova and Tukey multiple

comparisons, ****p < 0.001)

ACS Nano. Author manuscript; available in PMC 2024 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Jeon etal.

2500 -
2000 -
1500 -

1000 -

TNF-a (pg/mL)

500 -

-

-
N

e
)

Relative expression (%)
(TNF-a mRNA / B-actin mRNA)
e
o

e
o

=
o

14
»

S
N

Page 24

LPS challenged LPS challenged

c) e)

14 — 1 1D Bilirubin

Relative wall thickness
Normalized Value

;?ONI/si_TNF-a PONI/si;TNFa
(0.28 mg/kg) (0.14 mgrkg)

PONU/si_scramble

LPS challenged

Figure7.
Therapeutic efficacy of PONI-Guan/siRNA polyplex-mediated gene knockdown. a) I.V.

delivery of PONI/si_TNF-a polyplexes decreased serum TNF-a production. BALB/c

mice were injected with LPS (5 mg/mouse, i.p.), followed by systemic administration

of polyplexes at an siRNA dose of 0.14 or 0.28 mg/kg, 5 h later. Serum TNF-a was
measured by ELISA 24 h after polyplexes dosing (n=3). b) /n vivo delivery of PONI/
si_TNF-a decreased TNF-a mRNA levels. BALB/c mice were systematically injected with
the polyplexes at a SiRNA dose of 0.14 or 0.28 mg/kg, and the lungs were harvested after
24 h. c) Relative bronchial wall thickness analysis 24 h after systemic administration of
polyplexes at an sSiRNA dose of 0.14 or 0.28 mg/kg. Error bars represent the mean * the
standard error of the mean (SEM) (n=3, one-way Anova and Tukey multiple comparisons,
****p < 0.001). d) Representative hematoxylin and eosin-stained lung histology sections
of mice. The bottom depicts the zoomed-in images of the top with axis through the

bronchi. Yellow arrows indicate bronchial wall thickness. Mice were challenged with LPS
intraperitonially and then injected intravenously with PBS, PONI/si_scramble, or PONI/
si_TNF-a treatments (scale bar, 100 pm). ) /n vivo determination of hepatic function using
ALT and Bilirubin analysis of the blood plasma. No statistically significant changes in

any parameters were observed for treatment groups (siRNA dose of 0.14 or 0.28 mg/kg)
compared to naive mice.
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