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New Concepts

The past several decades have seen a global resurgence of bacterial infections, which has led to
the development new classes of small molecule-based antibiotics. However, critical challenges
remain in drug resistance development and excessive immune response, which contribute
significantly to patient mortality. This work presents the first RNAi-mediated therapy that is
generalizable across different bacteria types (Gram positive, Gram negative, and antibiotic-
resistant strains), achieved by engineering nanoparticles to deliver siRNA to selectively targeted
macrophages in the infection site, turning off proinflammatory signaling pathways. The three
new concepts needed to achieve this involved designing the porous silicon nanoparticle to carry
a large quantity of nucleic acid payload, attaching a pendant peptide that specifically targets
macrophages, and incorporating a fusogenic coating that delivers the payload directly to the
cytosol, resulting in near 90% transfection efficiency in the targeted macrophages in vivo.
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Abstract

Bacterial infections are re-emerging as substantial threats to global health due to
the limited selection of antibiotics that are capable of overcoming antibiotic-resistant
strains. By deterring such mutations whilst minimizing the need to develop new pathogen-
specific antibiotics, immunotherapy offers a broad-spectrum therapeutic solution against
bacterial infections. In particular, pathology resulting from excessive immune response
(i.e. fibrosis, necrosis, exudation, breath impediment) contributes significantly to negative
disease outcome. Herein, we present a nanoparticle that is targeted to activated
macrophages and loaded with siRNA against the Irf5 gene. This formulation is able to
induce >80% gene silencing in activated macrophages in vivo, and it inhibits the
excessive inflammatory response, generating a significantly improved therapeutic
outcome in mouse models of bacterial infection. The versatility of the approach is
demonstrated using mice with antibiotic-resistant Gram-positive (methicillin-resistant
Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa) muscle and
lung infections, respectively. Effective depletion of the /rf5 gene in macrophages is found
to significantly improve the therapeutic outcome of infected mice, regardless of the
bacteria strain and type.
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Introduction

Since the first identification of antibiotic-resistant strains of bacteria,! the number
of resistant strains has increased while the number of effective antibiotics has remained
more or less static.? While development of antibiotics against Gram positive bacteria
remains relatively diverse and fast-paced, the dual-walled nature of Gram negative
bacteria make it much more difficult to develop countermeasures; although clinically
available antibiotics are generally able to penetrate a single bacterial cell wall to trigger
their mechanism of action, they regularly fail to breach the walls (particularly the outer
membrane) possessed by Gram negative bacteria.® 4 The outer membrane consists of
lipopolysaccharide (LPS) molecules, which are densely-packed due to their saturated
lipid chains and electrostatic crosslinking of their phosphorylated inner core region by
divalent cations. This packing results in a hydrophilic oligosaccharide brush layer on the
cell wall surface that impedes the diffusion of hydrophobic small molecules.® Thus, the
drug-impermeable outer membrane contributes to innate drug resistance. While innate
drug resistance limits the number of treatment options, acquired resistance mechanisms
such as that in multidrug resistance strains further reduces the number of effective drugs.
Currently adjuvant therapies, including peptide-based potentiators and enzymatic
inhibitors, are the subject of intense research.t'0 However, there continues to be few

effective options in the clinic.

Because new antibiotics will inevitably face resistance over time, there is a need

for solutions that can evolve alongside the bacteria, in order to minimize the need to
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develop new drugs as new pathogen strains arise. Furthermore, it is highly desirable to
develop broad-spectrum approaches that can defeat bacteria regardless of their class.
This work describes such a strategy, based on an immunotherapy approach that
harnesses the body’s immune system and its innate ability to evolve in response to

emergent bacterial threats.

Immunotherapy has primarily been explored for treatment of cancer and
autoimmune disorders, with little emphasis on infectious diseases.!'" While the pre-
antibiotic era of treatments against bacterial infections involved transient anti-serum or
lasting vaccine immunotherapy, more recent efforts tend to focus on monoclonal
antibodies as therapeutics.'?'5 Antibody-based treatments are pathogen-specific, and
few have reached clinical trials despite showing promising results in the laboratory.6. 17
The approach presented in this work addresses one of the characteristics common to
many lethal bacterial and viral infections — the excessive inflammatory response mounted
by the immune system.'®20 |n particular, here we focus on reprogramming pro-
inflammatory signals in the M1 phenotype of macrophages in order to suppress their

inflammatory over-response.

The approach presented in this work involves fusogenic porous silicon
nanoparticles (F-pSiNPs) which are engineered to reprogram macrophages by delivering
siRNA against the Irf5 gene, shutting down pro-inflammatory signals in the M1 phenotype.
The nanoparticles contain three key design features that allow them to overcome the
substantial barriers to in vivo gene silencing?' (Fig 1a): (1) they are selectively targeted
to activated macrophage cells in the inflammatory site via a highly effective CRV peptide??

(sequence: CRVLRSGSC), which is tethered to the nanoparticle exterior; (2) they bypass
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endocytosis to deliver the siRNA payload to the cellular compartment where it can be
most effective — accomplished using a fusogenic lipid overcoating on the nanoparticles;
and (3) they deliver a maximal quantity of nucleic acid to the cell by employing a
condensation chemistry that allows the porous inorganic nanoparticles to carry 25% by

mass of an siRNA payload.
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Figure 1. Fusogenic porous silicon nanoparticles directly deliver silRF5 into the cell
cytoplasm of macrophages. (a) Schematic depicting the peptide-targeted, fusogenic porous
silicon nanoparticles (F-pSiNPs) and their mode of action in delivering and silencing the Irf5 gene
in macrophages, as a broad-class strategy for treatment of Gram-positive (Methicilin-resistant
Staphylococcus aureus, MRSA) and Gram-negative (Pseudomonas aeruginosa) bacterial
infections. (b) Representative confocal microscope image of J774a.1 macrophage cells treated
with fusogenic porous silicon nanoparticles (F-pSiNPs). Left image: cells were treated with
fusogenic pSiNPs wherein the lipid coating on the pSiNPs contained the lipophilic Dil membrane
dye (red channel). The pSiNP core carried a non-labeled, non-functional siRNA payload.
Lysosomes are stained with LysoTracker Green (LysoG, green channel) and cell nucleus is
stained with DAPI (blue channel). Right image: cells were treated with F-pSiNPs wherein the lipid
coating contained the lipophilic DiO membrane dye (green channel). The pSiNP core carried a
Cy3-labeled siRNA payload (red channel) and the cell nucleus is stained with DAPI (blue channel);
(c) confocal microscope image of J774a.1 macrophage cells equivalent to (b) but using non-
fusogenic porous silicon nanoparticles (NF-pSiNPs). Left image: Dil membrane stain loaded in
the lipid coating of the pSiNPs (red); lysosomes stained with LysoTracker Green (green channel);
DAPI nuclear stain (blue channel). Right image: DiO membrane stain loaded in the lipid coating
of the pSiNPs (green channel); Cy3-siRNA loaded in the pSiNP core (red channel); DAPI nuclear
stain (blue channel). Nanoparticles in (b) and (c) contained CRV targeting peptides pendant to
the lipid coating of the pSiNPs.

We previously demonstrated that treatment with this F-pSiNP therapeutic resulted

in almost complete recovery of mice infected with otherwise fatal Staphylococcus aureus
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pneumonia by delivering siRNA against the /rf5 gene to macrophages in the diseased
tissues, effectively inhibiting the excessive inflammatory response that contributes
significantly to mortality in this infection.2® The major question we aimed to answer in the
present study was if this approach — using RNAIi to modulate host response to infection —
was generalizable across different bacteria Gram types and infection sites to elicit broad-
spectrum protection. To evaluate the system under particularly challenging conditions,
we chose methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas
aeruginosa, both of which are major contributors to the morbidity and mortality of hospital-
acquired infections.2* 25 We also assessed therapeutic efficacy for different infection sites
— in  muscle for infection of MRSA (strain: USA100) and in lungs for infection of P.

aeruginosa (strain: PA01).

Results and Discussion

Fusogenic nanoparticle characterization

The F-pSiNPs were nominally 200 nm in size and consisted of clusters of siRNA-
loaded porous silicon nanoparticles (F-pSiNPs) in a solid core, with a more fluid targeting
peptide-conjugated lipid coating as the shell (Fig 1a).2% 26 The size of the F-pSiNPs was
adjusted to optimize stability, to maximize siRNA payload capacity, and to display an
adequate in vivo circulation time. The core porous silicon nanoparticles (pSiNPs) were
prepared by electrochemical etch of silicon wafers followed by ultrasonication, which
resulted in nanoparticles nominally 50 nm in size (Supplementary Fig. S1;

Supplementary Table S1). Loading of siRNA into the pSiNPs was then induced using a
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calcium chloride condensing agent, which forms a calcium silicate matrix in the presence
of porous silicon nanoparticles.?”-28 An aqueous suspension of the resulting core particles
was then used to hydrate the lipid film, and the particles were mechanically extruded
through a 200 nm polycarbonate membrane to form a stable core-shell structure as
previously described.?3: 26 Supplementary Figure S1 shows transmission electron
microscope (TEM) images of the particles before siRNA loading, after the calcium silicate
loading chemistry, and after liposomal coating/cluster formation. Mass loading of siRNA
in the final lipid-coated, peptide-conjugated nanoparticles was ~25% (mass siRNA/total

mass of nanoparticle + payload).

The average hydrodynamic size of the final lipid-coated clusters was 220 nm
(Supplementary Table S1); these F-pSiNPs were found to display sufficient circulation
times to be effective in homing to the diseased site (see below). As the lipid coating
process relied on extrusion to coat the lipids around the pSiNP-siRNA clusters, the size
of the final nanoparticles was set somewhat by the size of the pores (200 nm) in the
polycarbonate membrane used in the extruder. We found that extruding the particles
through pore sizes of less than 200 nm in size resulted in significant loss of siRNA-loaded

pSiNPs.

The processing conditions also influenced the surface charge of the final F-pSiNP
formulation, which was slightly positive (Supplementary Table S1). Before the loading
chemistry was applied, the empty pSiNPs displayed a negative zeta potential
(Supplemental Table S1), attributed to the presence of surface silicon oxide. The
calcium chloride condenser chemistry that was used to load siRNAs within the pSiNPs

decreased this negative charge substantially, presumably due to ion pairing between Ca?*
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and the negatively charged silicate and nucleic acid components. The DOTAP lipid
component of the fusogenic coating is cationic, and addition of the fusogenic liposome
coating therefore decreased the negative charge further, to the point that the final

formulation displayed a slightly positive zeta potential (Supplemental Table S1).

Confocal microscopy was used to visualize the intracellular localization of the
targeted fusogenic nanoparticles, their cellular uptake, and cytosolic delivery of siRNA in
a J774a.1 macrophage cell line. For these experiments we incorporated fluorescent dyes
into either the fusogenic coating (lipophilic Dil or DiO) or into the siRNA payload contained
within the pSiNP core (Cy3-labeled siRNA) of the F-pSiNPs in order to independently
track the fusogenic coating and the nanoparticle payload. We additionally used the
fluorescent indicator LysoTracker Green, which selectively stains lysosomes, in order to
assess whether or not the nanoparticle components became co-localized with lysosomes.
The left panel of Figure 1b shows a representative cell treated with fusogenic
nanoparticles where the fusogenic coating included lipophilic Dil (red) and the payload
was not labelled. The signal from the red Dil dye stained the cell’s plasma membrane,
indicating successful fusion of the F-pSiNPs which resulted in transfer of Dil from the
particle’s lipid coating to the cell’s plasma membrane, as has been reported previously.?°
The fusogenic mechanism is further supported by the observation that the red Dil label
associated with the fusogenic coating did not co-localize with the lysosomes (labelled
green), indicating that the uptake pathway does not involve endosomal capture. The right
panel on Figure 1b shows a cell treated with similar fusogenic nanoparticles, where the
siRNA payload was labelled with Cy3 (red) and the fusogenic coating was labelled with

lipophilic DiO (green). Consistent with the above Dil experiments and prior results,?® the
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green DiO signal stained the plasma membrane. The Cy3-labelled siRNA payload was
found in the cytoplasm as punctate spots in the perinuclear region, indicating that the

fusogenic coating was shed upon entry into the cell.

The same set of experiments was then performed using non-fusogenic particles,
which were prepared with a structure identical to the fusogenic nanoparticles but differing
only in the composition of the lipid shell. These experiments were executed to validate
the performance of the fusogenic formulation, as the non-fusogenic lipid coating used
was that of a more conventional liposome that typically is endocytosed by cells.23. 26. 30, 31
The left panel on Figure 1¢ shows an experiment similar to that in the left panel of Figure
1b except using non-fusogenic nanoparticles: a cell treated with nanoparticles labelled
with Dil (red) in their lipid coating and in which the lysosomes were stained with
LysoTracker Green. The red Dil and green lysosome signals co-localized, and there was
no visible staining of the plasma membrane, which indicates endocytic uptake. Similarly,
the right panel on Figure 1c used non-fusogenic lipids and can be directly compared to
the right panel on Figure 1b which used fusogenic lipids. In this latter case, a cell treated
with non-fusogenic nanoparticles containing Cy3- labelled siRNA (red) and lipophilic DiO
(green) in the lipid coating showed co-localization of the DiO and Cy3-labelled siRNA
signals, with no visible plasma membrane staining, indicating entrapment of the lipid-
coated particles with their siRNA payload in the lysosomes, as expected for an
endocytosis uptake pathway. This data supports the hypothesis that fusogenic coatings
should be more effective at delivering the siRNA payload to the cells, as literature shows
that 70% of endocytosed siRNA is excreted out of the cell, with the majority of the

remaining 30% degrading within the acidic lysosomal compartments.32-3* Therefore, we
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expected that delivery of siRNA using the fusogenic nanoparticles would result in a higher

gene silencing effect.

In vitro and in vivo gene silencing efficiency

With the confirmation of the cellular fusion behavior of the particles, we next
quantified their in vitro gene silencing effect using quantitative real time-polymerase chain
reaction (QRT-PCR). Figure 2a shows that fusogenic nanoparticles that were loaded with
siRNA against the Irf5 gene (silRF5) and conjugated with the activated macrophage-
targeting peptide, CRV (F-silRF5-CRV), attained 86% silencing effect in J774a.1
macrophages in vitro, comparable to the degree of silencing (80%) that was obtained
when the commercially available transfection agent Lipofectamine® 2000 was used to
transfect the cells with silRF5 (LF-silRF5). On the other hand, non-fusogenic particles
containing the same silRF5 payload and the CRV homing peptide (NF-silRF5-CRV)
achieved only ~45% gene silencing, which was significantly less effective than the

fusogenic counterpart (p=0.001).
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Figure 2. In vitro and in vivo gene silencing efficiency of fusogenic nanoparticles. (a) in
vitro knockdown of irf5 gene expression in J774a.1 macrophages treated with PBS, non-fusogenic
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pSiNPs loaded with silRF5 and conjugated with CRV peptide (NF-silRF5-CRYV), Lipofectamine
2000 with silRF5 (LF-silRF5), or fusogenic pSiNPs loaded with silRF5 and conjugated with CRV
peptide (F-silRF5-CRV). Bars represent standard deviation with n = 6; (b) irf6 gene expression
change from 1 day to 7 days post-transfection of J774a.1 macrophages with PBS, NF-silRF5-
CRV, LF-silRF5, or F-silRF5-CRV. Bars represent standard deviation with n = 6; (c) irf5 gene
expression in purified macrophages from the MRSA muscle infection site of mice that were
intravenously injected with PBS, fusogenic pSiNPs loaded with siLuc and conjugated with CRV
peptide (F-siLuc-CRV), fusogenic pSiNPs loaded with silRF5 without peptide conjugation (F-
silRF5-mPEG), NF-silRF5-CRYV, or F-silRF5-CRV. Bars represent standard deviation with n = 6;
(d) irf5 gene expression in purified macrophages from the PAO1 lung infection of mice that were
intravenously injected with PBS, F-siLuc-CRV, F-silRF5-mPEG, NF-silRF5-CRV, or F-silRF5-
CRV. Bars represent standard deviation with n=6; N.S. represents no statistical significance and
*** represents p < 0.01 from one-way ANOVA with Tukey’s post hoc analyses.

To determine the duration of the silencing effect, we maintained cultures of
J774a.1 macrophages for a week post-transfection, and conducted another qRT-PCR
analysis of Irf5 gene expression (Fig 2b). While the degree of gene expression in NF-
silRF5-CRV-treated cells recovered from 55% to approximately 90% in 7 days, the F-
silRF5-CRV particle-treated cells maintained levels of expression well below 50%
throughout the same time period, with the level increasing from 14% to 37%. The result
was comparable to that observed with the benchmark Lipofectamine approach (LF-
silRF5), which showed recovery of gene expression from 20% to 45%. This result
suggests that the F-silRF5-CRV formulation used as a therapeutic might require less

frequent dosing compared with conventional endocytic formulations (liposomal or

polymer nanoparticle delivery systems) and small molecule drugs.?

We next determined the cytotoxicity of the nanoformulations compared to the
Lipofectamine® 2000 standard, which is not suitable for in vivo use due to toxicity and
becomes increasingly cytotoxic in vitro with increasing incubation time. Supplementary
Figure S2 compares equivalent doses of siRNA in J774a.1 macrophages.

Lipofectamine® 2000 (LF-silRF5) decreased cell viability beginning after 4h of incubation;
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cell viability decreased to 22% after 24 h of incubation (p<0.03). In contrast, cells treated
with the particle formulations NF-silRF5-CRV, F-silRF5-mPEG, and F-silRF5-CRV all
retained >80% cell viability for at least 6h of incubation, and ~60% viability was retained
after 24 h of incubation (priirrs.crv < 0.035; pnE-sirrs-crv < 0.048; pr_sirrs-mpec < 0.039).
Thus, the nanoformulation is more biocompatible for in vitro transfection compared to the

benchmark Lipofectamine method.

To determine if the superior gene silencing efficiency and biocompatibility of the
fusogenic nanoparticles translated to in vivo models of infection, we established a MRSA
muscle infection mouse model. While prior work had established the approach for
treatment of a non-resistant strain (S. aureus subsp. aureus Rosenbach), here we chose
to test MRSA because of its antibiotic resistance, in order to provide a more rigorous test
of whether or not reprogramming of macrophages could be an effective treatment. The
muscle infection model was chosen to address the problem of infection of the skeletal
muscles (pyomyositis). Though a relatively rare occurrence compared to superficial skin
or other types of infections, cases of muscle infection are a growing concern, particularly
in patients with pre-existing conditions or with deep wound injuries.3%37 For the mouse
model we chose direct intramuscular injection of the bacteria, as we found systemic
introduction of bacteria to be uncontrolled and too fatal to generate reliable and consistent
results. Thus, MRSA colonies were intramuscularly injected in the right hind thigh of each
animal, and the abscess was allowed to form over 3 days before intravenously injecting
the treatment formulations. After 24 h, we harvested the right popliteal lymph node and
the right hind thigh muscles for homogenization and macrophage purification. The Irf5

gene expression was quantified in the purified macrophages using qRT-PCR. Figure 2c
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shows that the fusogenic, peptide-targeted F-silRF5-CRV treatment obtained a dramatic
89% knockdown (p=0.001) of Irf5 gene expression in macrophages isolated from the
infection site. Controls involving PBS, a fusogenic formulation using the CRV homing
peptide but containing siRNA against luciferase (F-siLuc-CRV), and a fusogenic
formulation containing silRF5 but with no homing peptide (F-silRF5-mPEG) showed
negligible gene silencing effects, while a control using the non-fusogenic NF-silRF5-CRV
treatment resulted in ~40% knockdown (p = 0.023). These results demonstrate that a
fusogenic coating and an effective targeting peptide on the exterior of the nanoparticle

are both necessary to obtain high knockdown efficiency from the nanoparticles in vivo.

We next explored the species specificity (Gram-positive vs Gram-negative) of
macrophage targeting and knockdown. For our Gram-negative infection model, we
established lung infection in mice by intratracheal delivery of Pseudomonas aeruginosa
via a catheter. 24 h post-infection, we intravenously injected the treatment formulations
for 24 h circulation. Animals were sacrificed, bronchoalveolar lavage fluid (BALF) was
collected, and the lungs were then harvested for homogenization. Macrophages were
purified from both the BALF and the lung homogenates, and Irf6 gene expression was
quantified using gRT-PCR. Figure 2d shows that only the F-silRF5-CRV formulation
induced a significant knockdown (83%, p = 0.001) of /rf5 gene expression in the

macrophages associated with this pneumonia model.

In vivo infection homing to MRSA and PA01 infection
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While the above results established that the fusogenic nanoparticles are able to
induce a stronger RNAI effect relative to either non-fusogenic particles or non-targeted
particles in vivo, the nanoparticles must also home to specific cell types to minimize off-
target effects. Thus, we next evaluated the targeting efficiency of CRV-conjugated
particles to infected tissues. The CRV peptide targets the retinoid X receptor beta (RXRB),
which at least partially shifts from the intracellular localization to the cell surface upon

macrophage activation.??

Figure 3a shows Dil-loaded particle localization in a MRSA muscle infection model.
Infected mice were intravenously injected with the fusogenic nanoparticle formulation
containing an silRF5 payload and the CRYV targeting peptide (F-CRV). Injections of PBS,
a fusogenic formulation containing silRF5 but with no homing peptide (F-mPEG), and a
non-fusogenic formulation containing silRF5 and the CRYV targeting peptide (NF-CRV)
were used as controls. The test mice along with healthy control mice were sacrificed at
either 1 h or 24 h timepoints post-injection, and the hind thigh muscles [both the
contralateral (C) muscle on the opposing side of the infection, and the ipsilateral (1)
infected muscle] were harvested for ex vivo imaging. The qualitative images showed that
all nanoparticle formulations accumulated to some degree in the infected muscle relative
to the uninfected muscle; this is consistent with previous observations that inflamed
tissues are passively targeted by nanoparticles.38-4° Whereas the NF-CRV and F-mPEG
formulations showed moderately low levels of accumulation, accumulation of the F-CRV
formulation was quite strong. Quantification of these images (Fig 3b) showed significant
accumulation to the ipsilateral muscle compared to the contralateral muscle for the F-

MPEG (p1h= 0.038; p24n=0.032), NF-CRV (p1n= 0.046; p24,=0.001), and F-CRV (p=
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0.001; p24n=0.001) groups, and the accumulation of the F-CRV formulation was

significantly greater (p = 0.001) compared to the control formulations at both 1 h and 24

h timepoints.
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Figure 3. In vivo infection homing to MRSA and PAO01 infection. (a,b) Dil signal
accumulation in hind leg muscles (‘C’ represents the contralateral muscle to the infected
side, and ‘I’ represents ipsilateral muscles with the infection) of healthy (H) mice, and
MRSA-infected mice. Mice were intravenously injected with PBS, Dil-loaded fusogenic
pSiNPs loaded with silRF5 without peptide conjugation (F-mPEG), Dil-loaded non-
fusogenic pSiNPs loaded with silRF5 and conjugated with CRV peptide (NF-CRYV), or Dil-
loaded fusogenic pSiNPs loaded with silRF5 and conjugated with CRV peptide (F-CRV);
(a) representative image obtained with IVIS 200 imaging system; (b) ImageJ
quantification of the Dil accumulation signals from IVIS 200 images (n = 3). Bars represent
standard deviation with; N.S. indicates no significance, * indicates p < 0.05 and ***
indicates p < 0.01 from one-way ANOVA with Tukey’s HSD post hoc analyses; (c) Dil
signal quantification using flow cytometry of macrophages purified from the
bronchoalveolar lavage (BAL) fluid and the infected lung homogenates. Samples were
harvested from mice intravenously injected with Dil loaded F-mPEG, NF-CRV, or F-CRV.
Data are representative of n = 3.

517

We quantified CRV-mediated particle accumulation to PAO1 pneumonia by

assaying purified macrophages from the BAL fluid and from the lung homogenates of
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PAO1-infected mice. For this we measured the Dil signal (the dye associated with the lipid
coat on the nanoparticles) by flow cytometry (Fig 3c). At 1 h post-intravenous injection of
the F-CRV, and the PBS, Dil-loaded F-mPEG, and NF-CRYV control formulations, there
was a negligible difference in Dil accumulation in the macrophages between any of the
formulations. However, 24 h post-injection, the F-CRV formulation showed a substantial
increase in accumulation; 23% of macrophages showed positive Dil signals. By contrast,
the F-mPEG and NF-CRV control formulations showed no substantial changes in

accumulation in this same time period.

The data here are consistent with findings in the previous report regarding S.
aureus pneumonia models, where both the CRV peptide and the fusogenic coating were
required to obtain macrophage targeting and uptake into those cells.?3 The lack of notable
accumulation of non-fusogenic particles in that model and in the MRSA muscular infection
and PAO1 pneumonia models of the present work implies that simply docking the
nanoparticle to the cell surface (via the CRV-to-cell-surface receptor interaction) is not
sufficient to see strong accumulation in macrophages. All three models confirm that the
CRV-targeted, fusogenic nanoparticles provide superior accumulation in macrophages

associated with infected tissues.

In vivo therapeutic efficacy in MRSA muscle infection

Having established the ability of the targeted fusogenic nanoparticles to selectively
home to macrophages at the infection site and effectively silence the Irf6 gene, we next

investigated the therapeutic efficacy of this treatment. Supplementary Figure S3 shows
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photographic tracking of MRSA-induced abscess in the hind thigh. Mice were
intravenously injected with the CRV peptide-targeted, fusogenic formulation containing
silRF5 (F-silRF5-CRV). Controls included PBS, 145 mg/kg vancomycin (the typical
therapeutic dose based on the human dose of approximately 7 mg/kg*' 42), a fusogenic
formulation containing the CRV homing peptide but delivering siRNA against luciferase
(F-siLuc-CRYV, negative control), and the non-fusogenic formulation containing silRF5
and the CRV peptide (NF-silRF5-CRV). At 3, 7, and 14 days after the injection, mice were
sacrificed for abscess observation. While PBS- and F-siLuc-CRV injected mice showed
large abscess formation over time, the vancomycin- and NF-silRF5-CRYV injected mice
showed a marked reduction in the abscess size, although the infection visibly persisted
over the 14-day test period. On the other hand, the F-silRF5-CRV treatment group
showed a more substantial reduction in the abscess size within 3 days of treatment, and
by 7 days, the abscess was unidentifiable by eye, and showed no visible difference from

the healthy control animals (Supplementary Figure S3).

The abscess formation and bacterial clearance was further studied using
histopathology of the infected muscles. At day 7 post-treatment, mice were sacrificed,
and the infected muscles were harvested and fixed in 4% PFA to be sectioned for
qualitative analyses using hematoxylin and eosin (H&E) and Gram stains (arrows indicate
spherical Gram-positive bacteria in purple dots). The H&E stains in Figure 4a show that
while PBS, vancomycin, F-siLuc-CRV, and NF-silRF5-CRV treatment groups resulted in
large abscess formations (purple) within the muscle tissue (pink), the F-silRF5-CRV

treatment resulted in only a light and mild abscess formation on the right hand side of the
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tissue, and the majority of the section maintained a pink fibrous structure similar to that

seen in the healthy control.
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Figure 4. In vivo therapeutic efficacy in MRSA muscle infection. (a) H&E (top) and
Gram (bottom) stains of infected muscle tissues from mice 7 days after treatment with
PBS, vancomycin, non-fusogenic, targeted pSiNPs containing silRF5 (NF-silRF5-CRV),
fusogenic, CRV-targeted pSiNPs containing siRNA against luciferase, as a negative
control for silRF5 (F-siLuc-CRV), and fusogenic, CRV-targeted pSiNPs containing silRF5
(F-silRF5-CRYV); scale bar represents 1 mm (top row) and 100 ym (bottom row); (b)
Bacterial titer (CFU per mass of tissue) from muscles of healthy and MRSA-infected mice
intravenously injected with the treatment formulations as indicated. Animals were infected
on day 0 and therapeutic or control injections were given on day 1. Mice were sacrificed
for titer counts at days 3, 7, and 14 days post-intravenous injection. Bars indicate standard
deviation with n = 6. N.S. represents no significance and *** represents p < 0.01 relative
to the PBS group from one-way ANOVA with Tukey’s HSD post hoc analyses.

In order to quantifiably determine the therapeutic effect, we homogenized the
thighs at each time point (n = 6 animals per group) and conducted a serial dilution for
agar plating. The number of colony forming units (CFUs) grown on the agar plate from

the homogenate dilutions were counted and the thighs were weighed and are reported in
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Figure 4b. Similar to the photographic findings, the PBS and F-siLuc-CRV treatments
resulted in over 1 x 10" CFU/g in the thigh throughout the 14 days, while the vancomycin
and NF-silRF5-CRYV treatments resulted in a moderate decrease in the bacterial titer to >
1 x 10° CFU/g by day 14. In contrast, the F-silRF5-CRV treatment resulted in < 6 x 102
CFU/g by day 14, which was not statistically different from the healthy control counts (p >
0.9). Thus, the F-silRF5-CRYV therapeutic is able to recover the MRSA-infected thigh to a

healthy state within one week of administration.

In vivo therapeutic efficacy in PA01 lung infection

Finally, we tested therapeutic effects of the fusogenic particles in the PAO1
pneumonia model. First, we compared a non-fusogenic formulation containing silRF5 and
CRV targeting peptide (NF-silRF5-CRV) with the fusogenic formulation containing silRF5
and CRYV peptide (F-silRF5-CRYV) intravenously injected in mice with PAO1 pneumonia.
Healthy and infected mouse groups with PBS injections were used as controls. At the
end-point [7 days post-injection for healthy and F-silRF5-CRV groups, and ad mortem
(under 7 days) for infected and NF-silRF5-CRV groups], mouse lungs were inflated and
harvested for histopathological analyses (Fig 5a). Similar to the infected control group
with no treatment, the NF-silRF5-CRV lung showed a trend of excessive inflammation
with neutrophil infiltration, and presence of Gram-negative rods in the Gram stain (Fig 5a,
NF-silRF5-CRYV inset with arrows). On the other hand, the F-silRF5-CRV treatment group
showed a normal morphology with expanded alveoli and no presence of Gram-negative

bacteria.
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Figure 5. In vivo therapeutic efficacy in PA01 lung infection. (a) H&E stained sections
of mouse lungs subjected to histopathological analyses. Top left panel shows healthy
mouse with no treatment, top right panel shows lung of infected mouse with no treatment
(insets shows Gram stain), bottom left panel shows lung of infected mouse treated with
the fusogenic, CRV-targeted pSiNP formulation F-silRF5-CRV, and bottom right panel
shows lung of infected mouse treated with the non-fusogenic, targeted pSiNP formulation
NF-silRF5-CRYV control (inset shows Gram stain of rod-shaped PAO1 populations (arrow)
in the lung); (b) Bacterial titers from lungs of PAO1-infected mice intravenously injected
with: PBS; tobramycin; fusogenic, CRV-targeted pSiNPs containing siRNA against
luciferase as a negative control for silRF5 (F-siLuc-CRV); non-fusogenic, CRV-targeted
pSiNPs containing silRF5 as a negative control for fusogenic component (NF-silRF5-
CRV); and fusogenic, CRV-targeted pSiNPs containing silRF5 (F-silRF5-CRV). Titers
from healthy mice shown for comparison. Titers were analyzed at either ad mortem (PBS,
Tobramycin, F-siLuc-CRV, NF-silRF5-CRV) or at 7 days post-injection (F-silRF5-CRV).
Bars indicate standard deviation with n = 4; (¢) Mouse survival post-infection (at day O;
black arrowhead) and post-therapeutic injection (at day 1; white arrowhead) of PBS,
Tobramycin, NF-silRF5-CRV, F-siLuc-CRV, or F-silRF5-CRV, as indicated. Each group
has n =7 mice. (d) Average days of survival of mice from (c¢) post-infection (at day 0) and
post-therapeutic injection (at day 1). *** represents p < 0.01 and *represents p < 0.05
from one-way ANOVA with Tukey’s HSD post hoc analyses.

A similar trend was observed when we quantified bacterial titers in lung
homogenates at the same end-points (Fig 5b; ad mortem for mice that were moribund
under 7 days post-injection, and the 7-day point for surviving mice). While controls
involving PBS, 100 mg/kg tobramycin, a fusogenic formulation containing siRNA against
luciferase and pendant CRV homing peptides (F-siLuc-CRV), and the non-fusogenic

formulation containing silRF5 and pendant CRV peptides (NF-silRF5-CRV) all showed >
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1 x 10"2 CFU/g, the F-silRF5-CRV formulation significantly decreased the titer to
approximately 1 x 102 CFU/g in 7 days (p < 0.005), which was not significantly different
from the healthy control (p = 0.9). The tobramycin control was used in these experiments
as a benchmark because it is a common therapeutic used to treat Pseudomonas and

other Gram-negative infections.43-47

Lastly, we tallied the survival of PAO1 pneumonia-carrying mice that were
intravenously administered with PBS, 100 mg/kg tobramycin, NF-silRF5-CRV, F-siLuc-
CRV, or F-silRF5-CRV. Mice were infected on day 0, and the therapeutics were
intravenously injected on day 1, and mice were observed for the following 7 days. Figure
5¢ shows that while the PBS, NF-silRF5-CRV, and F-siLuc-CRYV groups yielded less than
20% survival rate, the tobramycin treatment group yielded a moderate 30% survival. The
mediocre result attained by the standard antibiotic benchmark may be due to the fact that
tobramycin is clinically administered at 1 mg/kg three times daily in humans,*3 while the
intravenous dosing range of tobramycin in mouse models reported in the literature ranges
from 10-400 mg/kg/day.**4” The treatment regimen used in the present study used only
a single administration of 100 mg/kg at 24 h post-infection to match the immunotherapy
nanoformulations, which require only single-doses. In contrast, a single administration of
the F-silRF5-CRYV formulation rescued 6 out of 7 mice in its cohort to complete recovery
within 7 days of treatment, which was significantly more effective than all other treatment
groups (p < 0.024) (Fig 5d). Thus, the F-siRF5-CRV treatment in mice was found to be

an effective immunotherapy against MRSA muscular and PAO1 lung infection models.

Conclusions
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Bacterial infection has returned as an increasing threat in the era of antibiotic-
resistance, and solutions to reduce its threat have become a high priority globally. While
there have been increasing research into antibiotics development and FDA clearance of
novel classes of antibiotics to combat the prevailing “superbugs”, it is inevitable that
further resistance development will occur.-2 4. 11.48-52 Moreover, Gram-negative bacteria
have remained a challenging target to treat because of their dual cell wall. Thus, the
present study aimed to develop a solution that is independent of small molecule

antibiotics, by modulating the innate immune system.

The fusogenic porous silicon nanoparticles first emerged as a potential
immunotherapy platform when they showed outstanding in vivo homing to activated
macrophages and significant gene silencing that led to an /rf5-depleted anti-inflammatory
immune response. This effect helped focus the immune system in clearing out the
bacteria and minimizing auto-immune damage caused by excessive inflammation and
fibrosis.?® As immunotherapy offers a solution that should operate regardless of the
pathogen type, we explored its effect in antibiotic-resistant (MRSA) and Gram-negative
(P. aeruginosa) bacterial infections in deep tissues (muscle and lungs) that are difficult-
to-reach by standard oral or dermal administrations. The fusogenic nanoparticles carrying
silRF5 and the CRV homing peptide demonstrated potent therapeutic potential in both
MRSA muscular and PAO1 lung infections, demonstrating its broad-spectrum protection

against Gram positive, Gram negative, and antibiotic-resistant bacteria.

The approach presented in this study serves as a generalizable anti-inflammatory
therapeutic, which may have potential in other diseases characterized by excessive

immune response (e.g. autoimmune disorders, inflammatory bowel disease,
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atherosclerosis, etc.) and for other types of infections (such as viral) where the pathogens
themselves may not be the primary contributors to patient mortality.3 Moreover, the
modular approach presented here implies that simple exchange of the targeting peptide
and the siRNA payload will allow treatment of other diseases that could respond to gene
modulation. For example, using the appropriate combination of siRNA and targeting
peptide, cancer cells and tumor-associated macrophages have also been reprogrammed
for a positive therapeutic outcome in mouse tumor models.?® Despite the recent
successful translation of siRNA therapy into the clinic,%* the deployment of an effective
delivery system for RNAI therapeutics remains a formidable challenge.?! As siRNA and
RNAi-mediated gene silencing induces a transient yet relatively lasting (>7 days) effect,
the fusogenic nanosystem deployed in this work presents a promising platform

technology for gene therapy.
Experimental

Materials

Highly boron-doped p-type silicon wafers [~1 mQ-cm resistivity, polished on the
(100) face] were obtained from Virginia Semiconductor, Inc or Siltronix, Inc. Hydrofluoric
acid (48% aqueous, ACS grade) was obtained from Fisher Scientific. Anhydrous calcium
chloride was obtained from Spectrum Chemicals (Gardena, CA). Deionized (18 mQ)
water was used for all aqueous dilutions. For lipids, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene  glycol)-2000 (DSPE-mPEG), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG-maleimide),
and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were purchased from Avanti
Polar Lipids (Alabaster, AL) and stored at -4 °C. Fluorescent dyes hydrophobic 1,1’-
dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil, Life Technologies)
and 3,3'-Dioctadecyloxacarbocyanine perchlorate (DiO, Life Technologies) were used,
and LysoTracker™ Green DND-26 and Lipofectamine® 2000 Transfection Reagent were
obtained from Thermo Fisher Scientific. Custom siRNAs were purchased from
Dharmacon (Lafayette, CO), and primers were purchased from IDT DNA (San Diego, CA).
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Macrophage-targeting peptide (CRV) was custom synthesized by CTC Scientific
(Sunnyvale, CA). For in vitro studies, Raw 264.7 and J774a.1 cells were purchased from
ATCC (Manassas, VA) within 6 months prior to all experiments. DMEM cell media was
purchased from GE Healthcare Life Sciences (HyClone, Pittsburg, PA), with
supplemental fetal bovine serum (HyClone, Pittsburg, PA) and penicillin/streptomycin
(HyClone, Pittsburg, PA). Staphylococcus aureus subsp. aureus Rosenbach (ATCC®
25923™) was purchased from ATCC (Manassas, VA) within 6 months prior to all
experiments, and 6 week-old male Balb/C were purchased from Envigo (Placentia, CA).
Tobramycin was purchased from Sigma Aldrich (St. Louis, MO). Vancomycin was
purchased from Cayman Chemical Company (Ann Arbor, MI).

Preparation of porous silicon nanoparticles

Porous silicon (pSi) samples were prepared by electrochemical etching of silicon
wafers in an electrolyte consisting of 3:1 (v:v) of 48% aqueous HF:ethanol (CAUTION:
HF is highly toxic and proper care should be exerted to avoid contact with skin or lungs).
A silicon working electrode with an exposed area of 8.6 cm? was contacted on the back
side with aluminum foil and mounted in a Teflon cell. The silicon wafer was then anodized
in a two-electrode configuration with a platinum counter electrode, by applying an
alternating current of square waveform, with lower current density of 50 mA/cm? for 0.6 s
and high current density of 400 mA/cm? for 0.36 s repeated for 500 cycles. Then the
porous layer is lifted off by etching at a constant current density of 3.7 mA/cm? for 250s
in a 1:20 (v:v) of 48% aqueous HF:ethanol solution, to be sonicated in deionized water
for 12 h into nanoparticles. Fluorescent dye and siRNA payloads were loaded into the
pSiNPs by pore sealing by calcium silicate formation; the calcium silicate sealing
chemistry has demonstrated high efficiency in loading anionic payloads previously.?” For
siRNA loading, we used silRF5 (IRF5, sense 5’-dTdT-CUG CAG AGA AUA ACC CUG A-
dTdT-3’ and antisense 5’-dTdT UCA GGG UUA UUC UCU GCA G dTdT-3’) and siLuc
(luciferase, 5-CUU ACG CUG AGU ACU UCG A dTdT-3' and antisense 5-UCG AAG
UAC UCA GCG UAA G dTdT-3'). The relevant siRNA was dissolved in RNAse-free water
to 150 uM and pipetted gently with 150 uL of pSiNP and 700 uL of 2M calcium chloride
under ultrasonication for 15 min for loading.

Liposomal coating

Fusogenic (F) and non-fusogenic (NF) coatings were prepared from DMPC,
DSPE-PEG, and DOTAP at the molar ratio of 76.2:3.8:20 and 96.2:3.8:0, respectively.
The lipid films were prepared by evaporating the organic solvent, with 725.5 pg of DMPC,
151.6 yg of DSPE-PEG (methoxy or maleimide terminated), and 196.3 ug of DOTAP (F)
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or 916.0 ug of DMPC and 151.6 ug of DSPE-PEG (methoxy or maleimide terminated)
(NF). The Dil or DiO-incorporated films were added with 26.3 pg of Dil/DiO (1.25 mg/mL
in 100% ethanol). The films were then hydrated with payload-pSi solution and prepared
by film hydration/extrusion; the pSi-hydrated lipid was heated to 40 °C with constant
magnetic stirring for 10 min. Then the mixture was extruded through a 200 nm
polycarbonate membrane 20 times. CRV (C-Ahx-CRVLRSGSC) was conjugated to
maleimide-terminated PEG by mixing 100 puL of 1 mg/mL CRV (in deionized water) in 1
mg/ml of the liposomal pSi (by lipid mass) overnight at 4 °C. Particles were washed three
times at each step by centrifugation in Microcon-30kDa Centrifugal Filter Unit (EMD
Millipore) by spinning at 5000 g at 25 °C. The loaded siRNA concentration was quantified
with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, ND-2000) after each
step of particle formation by checking the ultraviolet absorption of the supernatant and
pellet of each wash. Nanoparticle size and zeta-potential were measured by dynamic light
scattering (DLS, Zetasizer ZS90, Malvern Instruments), and structural morphology were
visualized by JEOL 1200 EX Il TEM. Samples were prepared by dropping 5 uL of the
sample on the TEM grid, drying off excess solvent after 1 min, and dropping 5 uL of uranyl
acetate for negative staining.

In vivo infection model

All animal work was conducted using 6-8-week old male Balb/C mice. For MRSA
muscle infection model, the bacteria underwent a 16 h incubation in CAMHB. Then,
MRSA was sub-cultured at 1:100, 1:250, and 1:400 dilutions in 5 mL of fresh broth for 2
h to reach growth phase. The optical density at 600 nm was measured using a cuvette
spectrometer with the broth set as the blank. 5 mL of bacterial culture at ODggo= 0.5 was
centrifuged, the bacteria were washed by centrifugation in PBS three times, and re-
suspended in 500 pL of PBS for inoculation, resulting in ODggo= 2.25. Each mouse was
intramuscularly injected in the right hind thigh with 50 uL of the MRSA stock (equating to
approximately 1.25 x 108 CFU/mouse). For the PAO1 pneumonia model, the bacteria
underwent a 16 h incubation in brain heart infusion broth. Then, PAO1 was sub-cultured
at 1:100, 1:250, and 1:400 dilutions in 5 mL of fresh BH broth for 2.5 h to reach growth
phase. The optical density at 600 nm was measured using a cuvette spectrometer with
the broth set as the blank. 5 mL of bacterial culture at ODgyo= 0.7 was centrifuged, the
bacteria were washed by centrifugation in PBS three times and re-suspended in 1 mL of
PBS for inoculation. Each mouse was infected by intratracheal catheter injection of
approximately 1 x 10° CFU of bacteria in 50 pL of PBS. All treatment-injections were
performed 3 d (MRSA) or 24 h (PAO1) after inoculation of the bacteria.
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