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ABSTRACT

Medical countermeasures (MCMs) based on messenger ribonucleic acid (mRNA) are promising due
to their programmability, targeting precision and specificity, predictable physicochemical properties,
and amenability to scalable manufacture. However, safe and effective delivery vehicles are needed,
especially for targeting the lung. We developed a generalized approach to nanoparticle-mediated
mRNA delivery to lung, and used it to evaluate candidate therapies. In initial studies, reporter mRNA
was delivered using lipid-coated mesoporous silica nanoparticles (ILC-MSNs) and lipid nanoparticles
(LNPs), the latter with greater consistency. Then, mRNA encoding known protein therapies were
delivered using LNPs. These formulations showed some toxicity in mice with lung damage, but those
with IL-1RA, sACE2-Ig, and ANGPT1 mRNA were modestly therapeutic on balance. Our work
advances the state of the art for mRNA delivery to lung, and provides a foundation for evaluating and
characterizing mRNA-based lung therapies, including three that appear to be exceptionally promising.
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ACRONYMS AND TERMS

Acronym/Term Definition
MCM medical countermeasure
NA nucleic acid(s)
RNA ribonucleic acid(s)
mRNA messenger ribonucleic acid(s)
DNA deoxyribonucleic acid(s)
WMD weapon of mass destruction
DoD United States Department of Defense
NIH National Institutes of Health
SNL Sandia National Laboratories
NP nanoparticle
LC-MSN lipid-coated mesoporous silica nanoparticle

LC-MSN (hex)

LC-MSN(s) in hexagonal pore structural configuration

LC-MSN (stellate)

LC-MSN(s) in stellate structural configuration

LNP

lipid nanoparticle

mol% molar fraction

hApoE3 human apolipoprotein E3

hApoE4 human apolipoprotein E4

fLuc firefly luciferase

VIS in vivo imaging system

siRNA small interfering ribonucleic acid(s)
CRISPR clustered regularly interspaced short palindromic repeats
RNP ribonucleoprotein

mo month(s)

d day(s)

h hour(s)

min minute(s)

sec second(s)

OPA oropharyngeal aspiration

v intravenous

IP intraperitoneal

PBS phosphate buffered saline

LOD limit of detection

AU arbitrary units




Acronym/Term Definition
Ab antibody
FDA Food and Drug Administration
IVT in vitro transcription
HRP horse radish peroxidase
ARDS acute respiratory distress syndrome
LPS lipopolysaccharide
NKT natural killer T
aGalCer a-galactosylceremide
NHP non-human primate




1. INTRODUCTION

Nucleic acid (NA) based medical countermeasures (MCMs) hold tremendous promise due to their
programmability, targeting precision and specificity, predictable physicochemical properties, and
amenability to scalable manufacture [1]. Those based on messenger ribonucleic acid (mnRNA) could
prove especially useful because they combine iz situ amplification (each mRNA molecule directs
production of multiple copies of its cognate protein, such that small amounts of effectively delivered
mRNA can have large impact), transience (mRNA lifetime determines duration of protein production,
and it can be manipulated), and low risk of interference with the host genome [whereas
deoxyribonucleic acid (DNA) can generate mutations through recombination, for instance| [2].
However, translation of mRNA-based MCMs to clinical use has been stymied by lack of safe and
effective delivery vehicles, especially those mediating delivery to the lung [3,4,5]. This bottleneck has
become increasingly problematic for federal agencies tasked with countering weapons of mass
destruction (WMDs) [e.g., Department of Defense (DoD)], many of which primarily target, or cause
severe collatoral damage to, the lung; and those tasked with maintaing public health [e.g., National
Institutes of Health (NIH)], which would greatly benefit from MCMs that promote lung resiliency to
stress, damage, and disease. Development of an efficient and safe means of delivering mRNA-based
MCMs to lung would significantly advance medicine and improve our ability to maintain the health of
our nation’s military and civilian populations.

Sandia National Laboratories (SNL) previously developed lipid-coated mesoporous silica
nanoparticles (LC-MSNs) as a modular and biocompatible platform for targeted 2 vivo delivery of
diverse cargo, including small-molecule compounds, peptides, proteins, DNA plasmids, and small
interfering RNA (siRNA) [6]. In testing whether LC-MSNs can be outfitted for delivery of a much
larger and more complex cargo [the clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 ribonucleoprotein (RNP) complex] to lung, we made an unexpected discovery: A
control cargo — mRNA encoding Cre recombinase — was delivered to lung with exceedingly high
efficiency in all four animals tested (Figure 1, panel 4), with no off-target delivery detected (panel
10). In contrast, commercially-available transfection reagents were found to mediate little to no
detectable delivery of Cre mRNA to lung (panels 5 and 6, respectively), with similar degrees of
delivery observed in off-target tissues (panels 11 and 12). These were very promising findings, as they
suggested that LC-MSNs could serve as effective NP-based vehicles for delivery of mRNA to lung.
Accordingly, we proposed to carry out studies designed to definitively confirm these findings, use
them to inform development of a generalized approach to NP-mediated delivery of mRNA to lung,
and demonstrate the utility of this approach in evaluating candidate mRNA-based MCMs as lung
therapies. In brief, the Specific Aims of our project were as follows:



e Aim 1: Confirm that NPs effectively deliver reporter-encoding mRNA to lung.

O Initially, we used a more specific expression of Aim 1: "Confirm that LC-MSNs
effectively deliver Cre mRNA to lung". However, in light of our findings and the
project's evolution, we revised the language to reflect a more general approach.
Similar revisions were made to the other Aims as well.

o This Aim also incorporates optimization and characterization of NP-mediated delivery
of reporter-encoding mRNA to lung (initially called Aim 2), as these activities were
carried out simultaneously with confirmation of delivery.

e Aim 2: Determine whether NPs can effectively deliver candidate therapeutic mRNA to lung.

O Initially, this was called Aim 4, and preceded by an Aim 3 that read: "Determine
whether NPs can effectively deliver other mRNA to lung". As the project

progressed, it was recognized that this Aim would be accomplished through study of
the candidate therapeutic mRNA, and so the redundancy was removed.

This report summarizes our efforts to address these Specific Aims, the results that they yielded, the
implications of our results, and our perspective on potentially productive future directions.



Cas? protein TAT-Cre protein
LC-MSN LC-MSN

Cre mENA Cre mENA
Invivofectamine Invivo-jetPEI

Cas? protein TAT-Cre protein
LC-MSN LC-MSN

Cre mENA Cre mENA . Cre mENA
LC-MSN Invivofectamine Invivo-jetPEI

Figure 1. Preliminary Evidence Suggesting that LC-MSNs Can Effectively Deliver mRNA to
Lung. LC-MSNs (100 pg) loaded with Cre mRNA (5 pg) were administered to Ai9 mice [7] via
oropharyngeal aspiration (OPA) [8]. Alternative combinations of delivery vehicle and cargo (listed
first and second, respectively, in each panel) were tested in parallel. Each treatment was tested in 4
animals, except for phosphate buffered saline (PBS) (negative control), which was tested in only 2
animals. At 4 days (d) post-treatment, tissues were collected from each animal and immediately
analyzed for red fluorescence (indicative of Cre activity leading to tdTomato expression) zia whole-
tissue imaging via microscopy. Representative images from the lung (top) and liver (bottom) of one
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animal per treatment are shown. No fluorescence above background (PBS) was detected in spleen or
kidney (not shown).
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Figure 2. Overview of Project's Approach and Goal. We sought to confirm our preliminary results
suggesting that LLC-MSNs can mediate effective delivery of mRNA to lung when administered vzz
OPA. Upon establishing proof of concept and standardized methods, we would then use this
approach to evaluate candidate therapeutic mRNAs with respect to their ability to prevent and/or
repair lung damage in mouse.
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2. AIM 1: CONFIRM THAT NANOPARTICLES EFFECTIVELY DELIVER
REPORTER-ENCODING MESSENGER RNA TO LUNG.

21. LC-MSN Mediated Delivery of Cre mRNA to Lung in Ai9 Mice.

Our initial results suggested that LC-MSNs mediate effective delivery of Cre mRNA to the lung when
administered e OPA, as evident from tdTomato expression in the Ai9 mouse (Figure 1). However,
the results were considered preliminary, because they were derived from a single study of 2-4 mice per
cohort. Our first objective was to repeat the study in order to confirm its results. Over the course of
~6 months (mo), we carried out 5 independent studies in which LC-MSNs were used to deliver Cre
mRNA to lung in Ai9 mice. These studies used 3-6 mice per cohort, and examined several different
variables:

e MSN structure: Hexagonal (hex) (which has larger pores) s stellate (which has higher surface
area) configuration.

e Cre mRNA amount: 1 25 2 s5 4 pg encapsulated mRNA, as evident from RiboGreen
fluorescence.

e Lipid coat composition: DCD3330 (33:33:30:4 DOTAP:DOPE:cholestero: PEG2000 PE
(18:1) [9] vs variations with DOTAP at 10 »s 20 5 50 molar fraction (mol%).

e Lipid cattier: None »s human apolipoprotein E3 (hApoE3) (0.15 ng/ul) »s human
apolipoprotein E4 (hApoE4) (0.15 ng/ul).

e Expression period: Detection at 2 »5 6 25 16 v5 24 v5 48 hours (h) post-administration.

Cre mRNA was loaded into MSNs in a solution of 750 uM triethylammonium acetate (pH 4.5), and
the combination encapsulated with lipid #za sonication in the presence of liposomes. The mRNA-

loaded LC-MSNss were then washed with, and resuspended in, PBS.

Ai9 mice were anaesthetized to deep surgical plane with inhaled isoflurane (5%), then administered 30
ul of mRNA-loaded LC-MSNs in PBS »iz OPA. The mice were observed and weighed 2 times per
day (d); the mice were found to be healthy in appearance, behavior, and weight gain in all cases except
when 50% DOTAP was incorporated (see below). At pre-defined times, mice were euthanized by
carbon dioxide inhalation, and their tissues of interest (lung, liver, spleen, and kidney) collected into
PBS.

Measurement of red fluorescence (due to mRNA-mediated production of Cre recombinase, resulting
in expression of TdTomato) in the tissues was accomplished using an 7z vivo imaging system (IVIS), a
vast improvement over the microscopy-based detection used in our initial study, which was not
quantitative. For IVIS, the tissues were removed from PBS, arranged upon a black backdrop, and
then analyzed using a 520 nm excitation filter and a 580, 600, 620, or 640 nm emission filter (results
were similar in each case), with an exposure time of 1-10 seconds (sec).

Results from a representative experiment are shown in Figure 3. In this example, LC-MSNs
comprised of hex »s stellate MSNs, plus our standard DCID3330 lipid coat, were used to encapsulate
4 pg of Cre mRNA, the LC-MSN/mRNA administered to Ai9 mice (3 per formulation type, plus 2
administered only PBS as a negative control) vza OPA, and tissues collected at 1 d post-treatment for
IVIS analysis (1 sec exposure, 620 nm emission). We found that administration of either LC-
MSN/mRNA formulation caused an increase in red fluorescence in lung [but not liver, spleen, or
kidney (not shown| due to increased expression of TdTomato, as expected. However, the
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fluorescence levels were not significantly higher than those in lungs from mice administered only PBS
[LC-MSN (hex) »s PBS p-value = 0.1422; and LC-MSN (stellate) »s PBS p-value = 0.1873, by unpaired
Student's 7 test]. The main problem was the high background of red fluorescence (ie.,
autofluorescence in red spectrum) in lung, regardless of treatment condition. This problem was not
resolved to satisfaction through use of background subtraction software. Up to 20% DOTAP
(previously shown to improve lung targeting of systemically-administered LNPs [10]) was well
tolerated but didn't improve mRNA delivery; whereas LC-MSN/mRNA formulations with 50%
DOTAP caused breathing issues and damage to lung tissue (not shown). In the final analysis, the
results from this series of studies were consistent with the idea that LC-MSNs can effectively deliver
Cre mRNA to lung in the Ai9 mouse, but they did not constitute unassailable evidence supporting
this conclusion.

2.2. LC-MSN Mediated Delivery of fLuc mRNA to Lung in C57BI/6J Mice.

In order to circumvent the problem of red autofluorescence in the lung tissue of Ai9 mice, we decided
to switch to a different reporter system altogether. We settled on luciferase as our reporter, primarily
because its output (luminescence) is wholly absent from untreated mouse tissues (they don't produce
light of any sort without expression of luciferase as well as provision of its substrate, d-luciferin). This
makes for essentially no background signal whatsoever, against which any treatment-associated
luminescence can be detected at high sensitivity. The other major advantage of this approach is that
it doesn't require use of a specialized mouse strain like Ai9; this keeps costs low and, importantly,
greatly simplifies acquisition of age-matched cohorts of mice (a formidible challenge with Ai9, often
causing delays in study execution).

Over the course of ~4 mo, we carried out 6 independent studies in which LC-MSNs were used to
deliver firefly luciferase (fLuc) mRNA to lung in C57Bl/6] mice. These studies used 3-6 mice per
cohort, and examined several different variables:

e MSN structure: Hex »s stellate configuration.

e flLuc mRNA amount: 1 25 2 25 4 pg encapsulated mRNA.

e Lipid coat composition: DCID3330 »s variations with DOTAP at 10 25 20 mol%.
e Lipid catrier: None ss hApoE3 (0.15 ng/pl) »s hApoE4 (0.15 ng/pl).

e Expression period: Detection at 2 25 6 5 16 »s 24 h post-administration.

fLuc mRNA was loaded into MSNss in a solution of 750 pM triethylammonium acetate (pH 4.5), and
the combination encapsulated with lipid 27z sonication in the presence of liposomes. The mRNA-
loaded LC-MSNss were then washed with, and resuspended in, PBS. LC-MSN/mRNA formulations
were administered to mice via OPA, as described in Section 2.1. At pre-defined times, 150 ul of 20
mg/ml d-luciferin in PBS (150 mg/kg dose) were administered to each mouse via intraperitoneal (IP)
injection, and 5 minutes (min) later tissues were collected as described in Section 2.1. For IVIS, the
tissues were arranged upon a black backdrop, and then analyzed using a 565 nm emission filter, with
an exposure time of 30-240 sec.

Results from a representative experiment are shown in Figure 4. In this example, LC-MSNs
comprised of stellate MSNs and DCID3330 lipid coat were used to encapsulate 4 pg of fLLuc mRINA.
In some cases, a lipid carrier (hApoE3 or hApoE4) was added as well, with the idea that this could
promote cell uptake [11]. Each LC-MSN/mRNA * hApoE3/4 formulation was administered to 3
C57Bl/6] mice (and PBS was administered to 3 mice, as a negative control) zia OPA. After 6 h, d-
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luciferin was administered szz IP injection, and tissues were collected 5 min later for IVIS analysis (30
sec exposure). We found that LC-MSN/mRNA administration was usually associated with detectable
levels of luminescence (due to flLuc expression) in the lung (but not the liver, kidney, or spleen), as
expected. LC-MSNs comprised of hex #s stellate MSNs behaved similarly, and DOTAP levels up to
20% were well tolerated but didn't improve mRNA delivery (not shown). Addition of a lipid carrier
(hApoE3 or hApoE4) had no discernable positive effect (in fact, in this particular experiment
inclusion of hApoE4 appeared to have a modest detrimental effect; however, this was not consistently
observed throughout the series of experiments). Note that in this representative study, one of the
three mice from each cohort showed no detectable luminescence in the lung [the limit of detection
(LOD), 1000 arbitrary units (AU) of total luminescence intensity, is marked by the X-axis] (Figure
4B). The other studies in this series showed similar rates of non-detection, irrespective of the L.C-
MSN/mRNA formulations tested. It is not clear why this was the case. One potential cause is
inconsistent administration 27z OPA, which is a simple yet tricky procedure that requires high precision
and dexterity. Some personnel responsible for carrying out OPA were learning on the job, and this
lack of mastery could have contributed to variability within and between studies. However, it is also
possible that LC-MSN mediated delivery of mRNA is inherently inconsistent (e.g., due to stochastic
effects in NP uptake by cells and/or release of mRNA into the cytoplasm). Ir vifro expetiments, in
which LC-MSN/mRNA formulations were added to human airway epithelial (A549) cells in Petri
dishes, showed greater consistency in mRNA delivery, but 7z vz many additional barriers may come
into play. In any case, the results from these experiments support the idea that LC-MSNs can
effectively deliver fLLuc mRNA to lung in the C57Bl/6] mouse, but inconsistency in delivery was
problematic.

2.3. Lipid Nanoparticle (LNP) Mediated Delivery of fLuc mRNA to Lung in
C57Bl/6J Mice.

In the context of another SNL project (Safe Genes, sponsored by DARPA), colleagues reported
success with lipid nanoparticle (LNP) mediated delivery of reporter mRNA to liver »iz intravenous
(IV) injection of C57B1/6] mice. LNPs are comptised of four cote components (an ionizable cationic
lipid or lipidoid, a phospholipid, a PEGylated lipid, and cholesterol) that together self-assemble around
a nucleic acid cargo [12]. LNP mediated delivery of mRNA 7 vivo, including to lung, had been
previously demonstrated, though only through systemic administration (typically IV injection) rather
than direct administration to the airway (via OPA, nebulization, intratracheal instillation, e#.) [10].

Over the course of ~4 mo, we carried out 5 independent studies in which LNPs were used to deliver
fLLuc mRNA to lung in C57B1/6] mice. These studies used 5-6 mice per cohort, and examined several
different variables:

e Jonizable cationic lipidoid: C12-200 »s CKK-E12.

e LNP composition: Standard [35:16:46.5:2.5 C12-200/CKK-E12:DOPE:
cholesterol: PEG2000-PE (14:0)] »s variations with DOTAP replacing C12-200/CKK-E12,
DOPE, or cholesterol at 10 zs 20 mol%.

e flL.uc mRNA amount: 0.5 »s 2 »5 4 ug encapsulated mRNA.
e Lipid cattier: None ss hApoE3 (0.15 ng/pl) 2s hApoE4 (0.15 ng/pl).

e Expression period: Detection at 6 »s 24 h post-administration.

The lipids were individually dissolved in 100% ethanol, then mixed in their prescribed mole ratios.
fLuc mRNA was diluted in 50 mM sodium citrate (pH 4) to a concentration of 133 pg/ml, then
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combined with the lipid mixture using a NanoAssemblr (total flow rate = 12 ml/min; flow rate ratio
= 3:1 aqueous:organic). The mRNA-loaded LNPs were then washed with, and resuspended in, PBS.
LNP/mRNA formulations were administered to mice »iz OPA as described in Section 2.1. At pre-
defined times, d-luciferin was administered #za IP injection as described in Section 2.2; and 5 min later
tissues were collected as described in Section 2.1. For IVIS, the tissues were arranged upon a black
backdrop, and then analyzed using a 565 nm emission filter, with an exposure time of 30-240 sec.

Results from a representative experiment are shown in Figure 5. In this example, LNPs of standard
composition were used to encapsulate 4 pg of fLuc mRNA. In some cases, a lipid carrier (hApoE3
ot hApoE4) was added as well. Each LNP/mRNA + hApoE3/4 formulation was administered to 5
C57Bl/6] mice (PBS was administered to 5 mice, as a negative control) zia OPA. After 6 h, d-luciferin
was administered 2z IP injection, and tissues were collected 5 min later for IVIS analysis (30 sec
exposure). The results from Figure 4B are included as well, for comparison. We found that LNPs
effectively deliver fLuc mRNA to lung, generally supporting higher levels of luminescence (ze.,
expression of luciferase) as compared to LC-MSNs. DOTAP levels up to 20% were well tolerated
but didn't improve mRNA delivery (not shown). Addition of a lipid carrier (hApoE3 or hApoE4)
had no reproducible positive or negative effect; in this particular experiment, inclusion of hApoE3
appeared to be detrimental, and that of hApoE4 appeared to be beneficial (aside from one incidence
of non-detection), but neither trend was consistently observed throughout the series of experiments.

Combining the data from the 5 experiments in this series, we found that LNPs of standard
formulation, with no addition of lipid carrier, encapsulating 2-4 ug of fLuc mRNA (0.5 pg was not
sufficient for effective delivery), mediated robust and consistent production of luminescence (ze.,
expression of luciferase) in the lung by 6 h (signals were generally weaker at 24 h), at levels averaging
629,785 AU (median = 609,822 AU) with a standard deviation of 365,619 AU) and only 2 non-
detection events in a total of 31 mice (6.5% rate). In our view, these results constitute compelling
proof that LNPs can effectively deliver fLuc mRNA to lung in the C57Bl/6] mouse.

A B

LC-MSN (hex)

LC-MSN (stellate)

PBS

Figure 3. LC-MSN Mediated Delivery of Cre mRNA to Lung in Ai9 Mouse. LC-MSNs (100
ng) loaded with Cre mRNA (5 ng) were administered to Ai9 mice vz OPA (3 mice per formulation);
PBS only was administered as a negative control (2 mice). At 24 h post-treatment, tissues were
collected from each animal and immediately analyzed for red fluorescence (indicative of Cre activity
leading to tdTomato expression) »iz IVIS analysis (520 nm excitation, 620 nm emission). A. Images
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of red fluorescence in lungs from mice administered LC-MSN/mRNA formulations using hex s
stellate MSNs. B. Red fluorescence intensity (arbitrary units; Y-axis) average (bar) and standard
deviation (error bar) for LC-MSN (hex) »s LC-MSN (stellate) »s PBS (blue, orange, and gray bars,
respectively).

A
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PBS

LOD

H .
LOMSN  LOMSN  LOMSN
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Figure 4. LC-MSN Mediated Delivery of fLuc mRNA to Lung in C57B1/6]J Mouse. LC-MSNs
(100 pg) loaded with fLuc mRNA (5 ng) were administered to C57Bl/6] mice via OPA (3 mice per
formulation); PBS was administered as a negative control (3 mice). At 6 h post-treatment, d-luciferin
(150 pl of 20 mg/ml in PBS) was administered vz IP injection, and 5 min later tissues were collected
for immediate measurement of luminescence (indicative of luciferase expression) vz IVIS analysis
(565 nm emission). A. Images of luminescence in lung (but not liver, kidney, or spleen) from mice
administered LC-MSN(stellate)/mRNA formulations with or without lipid catrier (hApoE3 or
hApoE4). B. Luminescence intensity (AU; Y-axis) measurements (blue data points) and averages
(black bars) are shown; LOD = 1000 AU.

16



.
ol = 00433 ;
o .. *
o — .
s
= . *
5 . !
[ ] [
G 100000 - — . —
7] . —_—
=
= .
=
=
S .
.
. . . . . LOD
LC-MSN LC-MSN LC-MSN LNP LNP LNP
hApoE3  hApoE4 - hApoE3  hApoE4

Figure 5. LC-MSN and LNP Mediated Delivery of fLuc mRNA to Lung in C57B1/6] Mouse.
LC-MSNs (100 pg) or LNPs (100 pg) loaded with flLuc mRNA (5 ng) were administered to C57B1/6]
mice via OPA (3-5 mice per formulation, as indicated at the top of the graph); PBS was administered
as a negative control (8 mice in total). At 6 h post-treatment, d-luciferin (150 pl of 20 mg/ml in PBS)
was administered 2z IP injection, and 5 min later tissues were collected for immediate measurement
of luminescence (indicative of luciferase expression) zia IVIS analysis (565 nm emission).
Luminescence intensity (AU; Y-axis) measurements (blue data points) and averages (black bars) are
shown; LOD = 1000 AU. Highlighted in green is the difference in luminescence intensity average
when fLLuc mRNA is delivered by LC-MSNs #5s LNPs (p-value = 0.0433, by unpaired Student's 7 test).
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3. AIM 2: DETERMINE WHETHER NANOPARTICLES CAN
EFFECTIVELY DELIVER CANDIDATE THERAPEUTIC MESSENGER
RNA TO LUNG.

3.1. Prioritization of Therapeutic mRNA Candidates.

To establish proof of concept, we sought to synthesize and evaluate mRNA equivalents of
recombinant proteins that have displayed therapeutic activity in the lung in pre-clinical (animal model)
and/or clinical (human) studies. Accordingly, we carried out a series of extensive searches of the
scientific and medical research literatures, and of reports released by pharmaceutical and
biotechnology companies as well as the Food and Drug Administration (FDA) reports, in order to
identify recombinant proteins of therapeutic value in the lung. Prioritization criteria included:

e Strong evidence of therapeutic benefit, especially when administered to the airway (as opposed
to administered systemically 7z IV injection, for instance).

e Extracellular site of function, such that uptake by host cells is not required for therapeutic
activity (uptake may sequester the recombinant protein in a cell compartment that is not
accessible to an equivalent protein produced by mRNA-instructed host cells).

e DPublically available DNA (or, better yet, mRNA) sequence encoding the recombinant protein.

e Commercially available recombinant protein (for use as a positive control), especially the
mouse version (as opposed to the human version, which is typically more readily available).

e Commercially available antibodies (Abs) against the recombinant protein, especially those
showing reactivity to the mouse version (as opposed to those showing reactivity to the human
version, which are typically more readily available).

The results from this survey are summarized in the first 10 columns of Table 1. The top 10 candidates
are listed in order of priority (column 1). These recombinant proteins have been shown to perform a
variety of functions in the lung, ranging from reduction of inflaimmation and coagulation, to
promoting vascular barrier integrity and tissue repair (column 2). Six of the recombinant proteins
have been evaluated in clinical trials; one (IL-1RA) is FDA approved, but for a different disease
indication (rheumatoid arthritis) (column 4).

3.2 Synthesis and Initial Evaluation of Therapeutic mMRNA Candidates.

To this point in the project, we had purchased reporter mRNA (e.g, encoding flLuc) from TriLink.
However, purchase of multiple custom-made mRNA would not have been cost effective, so we
developed an in-house capability for synthesizing mRNA of interest. We initially focused on synthesis
of flLuc mRNA, which could be assessed with regard to function using methods already established
(Aim 1). After directly testing several different approaches, we settled on use of a commercially
available kit for T7 promoter based 7z vitro transcription (IVT): HiScribe T7 High Yield RNA Synthesis
Kit (New England Biolabs). DNA templates for IVT were constructed zia Gibson assembly of
purchased gBlocks (IDT). For 5' capping of mRNA, we used CleanCap Reagent AG (Trilink) at a
1:1 ratio with guanine-5"-triphosphate. For 3' tailing of mRNA, we tested 40 »s 60 poly-adenylation,
and found that the latter supported slightly better expression both zz vitro and in vive. Finally, we
substituted a modified ribonucleotide (N1-methylpseudouridine) for uridine-5'-triphosphate, to
improve mRNA stability and translation, and reduce intracellular innate immunogenicity [13,14].
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After verifying that fLuc mRNA synthesized through our IVT approach effectively mediates fLuc
production zz vitro and in vivo, we similatly synthesized mRNA encoding our therapeutic recombinant
proteins of interest. These mRINA were introduced into host cells [airway epithelial cell lines A549
(human) and LA-4 (mouse)] using a transfection reagent (Lipofectamine MessengerMax), and their
ability to mediate expression of the therapeutic protein assessed »ia Western analysis of cell lysates. In
some cases, detection of the expressed protein was straightforward; an example is shown in Figure
6A. In others, however, detection was apparently confounded by two different effects: 1) Masking of
the recombinant protein by expression of the endogenous version of the protein; and 2) Poor
specificity of the Abs used for detection. Accordingly, we constructed a second set of IVT templates
for synthesis of mRNA encoding each therapeutic protein fused to a standard epitope tag (FLAG;
sequence = DDDDK) vz a short linker sequence (GGSGGDYK). These FLLAG-tagged proteins
were readily detected 7 vitro using a highly-specific monoclonal anti-FLLAG Ab conjugated to horse
radish peroxidase (HRP) (Abcam ab49763), which generates a luminescence signal (Figure 6B). A
summary of the results from the A549 transfection experiments can be found in Table 1 (column 12).

mRNA encoding the untagged and FLLAG-tagged proteins were then encapsulated into LNPs, and
these administered to mice »iz OPA, using the methods described in Section 2.3; and expression of
the therapeutic proteins detected in lung homogenates e Western analysis. We found that detection
of the FLAG-tagged proteins was generally robust and unambiguous, with the exception of I1L-22-
FLAG, which apparently was not expressed well in lung. Untagged versions of 3 of the proteins
(thTM, sACE2-IgG, GM-CSF) were also detected robustly and unambiguously, whereas a fourth
(TFPI) showed little to no expression in lung. Results from a representative experiment are shown in
Figure 7. A summary of the results from the full series of lung delivery experiments can be found in
Table 1 (column 13).

3.3. Establishment of a Mouse Model of Severe Lung Damage.

The final step in evaluating our mRNA equivalents of therapeutic recombinant proteins was to
determine whether they could provide protection against lung damage in mice. To this end, we sought
to establish a mouse model of severe lung damage, ideally one in which the disease is acutely lethal, as
this would offer opportunity to measure protective activity 2z survival analysis (Z.e., assessment as to
whether an LNP/mRNA formulation could reduce mortality and "rescue" mice), a simple and well-
accepted approach. Additionally, use of a non-infectious causative agent was desirable, given that our
candidate mRNA-based therapies are designed to promote lung resiliency and tissue repair, rather
than to counter infection. Acute respiratory distress syndrome (ARDS) models are commonly based
on inhalational challenge with bacterial lipopolysaccharide (LPS), which triggers many of the same
cellular and immune responses as infection, leading to acute lung injury and respiratory failure.
However, the disease is relatively mild in mouse, typically resolving within 2-3 d without intervention
[15,16]. In contrast, ARDS resulting from infection is often lethal in humans, and characterized by
profound dysregulation of immune responses, which causes extensive tissue and vascular damage,
hypercoagulation, and cytokine release syndrome, necessitating intensive care in a hospital setting.
Through an extensive survey of the literature, we identified an elaboration of the LPS challenge
method that is reported to more faithfully recapitulate the hallmark features of human ARDS. In this
approach, pre-treatment with a-galactosylceremide (xGalCer), an immune stimulant that activates
natural killer T (NKT) cells, potentiates and magnifies the innate immune responses provoked by LPS
challenge, thereby causing severe and often lethal ARDS-like disease [17,18]. We hypothesized that
this model system would support sensitive detection of therapeutic effects resulting from treatment
with our mRNA equivalents of therapeutic recombinant proteins.
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We carried out a series of 4 independent studies to develop an aGalCer + LPS dosing regimen that
reproducibly results in acute lung damage and high mortality in C57Bl/6] mice. These studies used
3-6 mice per cohort, and examined several different variables:

o oGalCer dose: 2 »5 3 v5 5 pg.
e LPSdose: 25 »5 75 v5 150 pg.

e DPotentiation period: 1 25 2 d.

Results from a representative experiment are shown in Figure 8. In this experiment and others, we
found that an aGalCer dose of 5 pg, in combination with an LPS dose of 75-150 g, is sufficient to
cause significant mortality in C57Bl/8] mice. The impact of potentiation petiod on mortality was not
consistent within and between experiments; for instance, in the experiment shown in Figure 8, a
shorter potentiation period (1 d) was associated with higher mortality when dosing with 5 ug aGalCer
+ 75 pg LPS, but lower mortality when dosing with 5 pg aGalCer + 150 ug LPS. Weighing all of the
evidence, we decided to go forward with 5 ug aGalCer + 150 ug LPS (2 d potentiation period) as our
standard dosing regimen.
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Figure 6. Western Analysis of mRNA-Instructed Expression of Therapeutic Recombinant
Proteins In Vitro. A. mRNA-instructed expression of sACE2-IgG in A549 cells. 15 ug of sACE2-
IgG mRNA were combined with 30 ul of transfection reagent (Lipofectamine MessengerMax), and
the mixture added to ~6x10° cells. After incubation for 16 h at 37°C, the cells were collected into 400
wl lysis buffer containing 2% SDS and protease inhibitors, sonicated in a water bath for 1 hr at 37°C,
and the lysate (31.25 pg total protein) subjected to SDS-PAGE (4-15% gel) followed by transfer to a
PVDF membrane and detection using an HRP-conjugated monoclonal goat anti-mouse Ab against
ACE2. The brightfield image (left) shows the positions of molecular weight markers for reference;
the luminescence image (right) shows Ab-mediated detection of sSACE2-IgG (expected size = 93 kDa)
in transfected cells (second lane) but not in naive cells (first lane). B. mRNA-instructed expression of
sACE2-IgG-FLAG in A549 cells. mRNA encoding FLAG-tagged versions of three therapeutic
proteins of interest were introduced into cells, and proteins translated from them detected »iz Western
analysis, using the methods described above in combination with an HRP-conjugated monoclonal
mouse Ab against FLAG. First lane: naive cells; second lane: cells expressing sACE2-IgG-FLAG
(expected size = 98 kDA); third lane: cells expressing GM-CSF-FLAG (expected size = 17 kDA);
fourth lane: cells expressing thTM-FLAG (expected size = 56 kDA).
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Figure 7. Western Analysis of mRINA-Instructed Expression of a Therapeutic Recombinant
Protein In Vivo. 2 ug of sACE2-IgG mRNA was encapsulated in LNPs, and the formulation
administered to 3 mice via OPA. PBS was administered to another 3 mice, to serve as a negative
control. All animals were euthanized at 6 h post-treatment, and their lungs were collected and
homogenized. The homogenates (each 300 pg total protein) were subjected to SDS-PAGE (4-15%
gel) followed by transfer to a PVDF membrane. Expression of sSACE2-IgG was detected using an
HRP-conjugated monoclonal mouse anti-mouse Ab against ACE2. Then, the membrane was
stripped, and B-actin (an abundant housekeeping protein, here serving as a protein loading marker)
was detected using an HRP-conjugated monoclonal goat anti-mouse Ab against 8-actin. A. Image of
Western blot luminescence. Lane 1: Molecular weight marker; lanes 2-4: PBS treatment; lanes 5-7:
sACE2-IgG mRNA treatment. Yellow arrowhead indicates expected size of sSACE2-IgG (93 kDa).
Red box indicates luminescence associated with B-actin detection (superimposed upon the image of
sACE2-IgG detection, for comparison). B. Graph of sACE2-IgG band intensities normalized by §-
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actin band intensities (loading control). Bars indicate average normalized band intensity; error bars
indicate standard deviation.

Spg aGalCer + 75pg LPS (1d interval) S5pg aGalCer + 150pug LPS (1d interval)
5pg aGalCer + 75ug LPS (2d interval) 5pg aGalCer + 150pg LPS (2d interval)
=
| - - 3;}'5 ?ost-L;S Days Pos tL'-‘S

Figure 8. Mortality as a Function of «GalCer + LPS Dosing Regimen. aGalCer (5 pg) and LPS
(75-150 ng) were sequentially (1-2 d interval) administered to C57Bl/6] mice (6 per treatment
condition) »za OPA, and mortality monitored for 8 d following LPS treatment.

3.4. Evaluation of Therapeutic mMRNA Candidates in Treating Severe Lung
Damage.

The 8 mRNA that mediate detectable expression of FLAG-tagged therapeutic proteins in lung (Table
1, column 13) were evaluated for ability to reduce mortality in our newly established mouse model of
severe lung damage. In this experiment, the 5 ug aGalCer + 150 pug LPS (2 d potentiation period)
dosing regimen was applied, and then 1 d later the LNP/mRNA formulations were administered to
the mice using the methods described in Section 2.3. We included two negative controls as well: 1)
Administration of PBS alone; and 2) Administration of LNP/fLLuc mRNA, which was not expected
to show a therapeutic effect. Each treatment was applied to 8 mice, and mortality was monitored for
10 d. The results of this experiment are shown in Figure 9.

We were surprised to find that our standard aGalCer + LPS dosing regimen was less lethal in this
experiment than in previous ones (see Section 3.3), such that the PBS-treated cohort showed 25%
survival (rather than 0%). This was fortuitous in a way, however, because it served as a sensitive
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background against which we were able to detect an unexpected increase in mortality upon treatment
with LNP/fLuc mRNA (0% sutvival). To this point in the project, we had seen no signs of toxicity
associated with LNP/fLuc mRNA, but importantly, we had administered it only to healthy mice. The
results from this experiment indicate that administration of LNP/fLLuc mRNA (and potentially other
LNP/mRNA formulations) to mice with severe lung damage may contribute to mortality.

Using the LNP/fLuc mRNA treatment condition as a baseline (to account for toxicity assocated with
LNP/mRNA administration), we found that several of the other LNP/mRNA treatments [IL-
1IRA(FLAG), sACE2-IgG(FLAG), and ANGPT1(FLAG)] reduced mortality to a modest degree (to
25% survival, rather than 0% survival), though these therapeutic effects did not reach statistical
significance (Figure 9 and Table 2). The remaining LNP/mRNA treatments showed even weaker
therapeutic effects, with the exception of LNP/GM-CSF(FLAG) mRNA treatment, which showed
no therapeutic effect (and perhaps additional toxicity, as indicated by a Mantel-Haenszel Hazard Ratio
of <1). These results suggest that the IL-1IRA(FLAG), sACE2-IgG(FLAG), and ANGPT1(FLAG)
LNP/mRNA formulations should be prioritized for further assessment of therapeutic effects.

LNP/fLuc LNP/IL-1RA(FLAG) LNP/rhTM(FLAG) LNP/sACE2-IgG(FLAG)

.
w0
3°»

LNP/TFPI{FLAG) LNP/GM-CSF(FLAG) LNP/AREG(FLAG) LNP/ANGPT1(FLAG) LNP/HMOX1(FLAG)
"
w0
3°\

Days Post Tream'lent Da'\r s Post- Tream'lent Days Post Treal:ment Days Post Tream'lent Days Post Tream'lent

Figure 9. Assessment of Candidate Therapeutic mRNA for Ability to Reduce Mortality in a
Mouse Model of Severe Lung Damage. oGalCer (5 ng) and LPS (150 pg) were sequentially (2 d
interval) administered to C57B1/6] mice »ia OPA in otrder to induce lung damage. At 1 d post LPS
administration, either PBS (negative control) or an LNP/mRNA formulation (2 pg mRNA) was
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administered 27z OPA (8 mice per treatment condition). Mortality was monitored for 10 d following
treatment.

Cox-Mantel Mantel-
Treatment 1 Treatment 2 Log-Rank Test Haenszel
p-value Hazard Ratio

PBS LNP/fLuc 0.115 0.319
LNP/fLuc LNP/IL-RA(FLAG) 0.016 6.341
LNP/fLuc LNP/rhTM(FLAG) 0.065 3.933
LNP/fLuc LNP/sACE2-1gG(FLAG) 0.016 6.341
LNP/fLuc LNP/TFPI(FLAG) 0.213 2.659
LNP/fLuc LNP/GM-CSF(FLAG) 0.482 0.565
LNP/fLuc LNP/AREG(FLAG) 0.363 1.994
LNP/fLuc LNP/ANGPT1(FLAG) 0.016 6.341
LNP/fLuc LNP/HMOX1({FLAG) 0.242 2.392

Table 2. Results from Statistical Comparison of Survival Curves Shown in Figure 9. Green
indicates a modest reduction of mortality that did not reach statistical significance (p-value threshold
of 0.011 when factoring in Bonferroni correction for multiple comparisons). Red indicates a Mantel-
Haenszel Hazard Ratio of <1 (ze., risk of mortality associated with Treatment 2 is greater than that
associated with Treatment 1).
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4, CONCLUSIONS AND FUTURE DIRECTIONS.

Opver the course of this project, we were able to make a number of significant technical advancements

that offer a promising path forward to development of new MCMs against respiratory disorders.

4.1. Conclusions.

e L.C-MSNs can effectively deliver reporter mRNA to lung.

O

Confirmed initial observation that LC-MSNs can mediate delivery of Cre mRNA to
lung in the Ai9 mouse. However, tdTomato expression (due to Cre expression and

activity) was low, and red fluorescence background was high, so evidence for
effective delivery was weak.

Delivery of flLuc mRNA in the C57Bl/6] mouse was easier to measure, due to lack

of luminescence background; however, signals were still weak.
LC-MSN variations in MSN structure, lipid coat, and lipid carrier had no marked
effect on mRNA delivery.

No off-target expression was detected in other tissues (liver, kidney, or spleen).
Delivery success rate (ze., percentage of animals in which delivery-specific
fluorescence/luminescence was observed) was reasonably high (~70%).

e LNPs can effectively deliver mRNA to lung with greater consistency.

o

Initially demonstrated through delivery of fl.uc mRNA in the C57Bl/6] mouse.
Effective delivery of mRNA equivalents of therapeutic recombinant proteins
demonstrated that LNPs are capable of delivering mRNA that vary in sequence
composition and length.

LNP variations in lipid composition and lipid carrier had no marked effect on
mRNA delivery.

No off-target expression was detected in other tissues (liver, kidney, or spleen).
Delivery success rate (z.e., percentage of animals in which delivery-specific
luminescence was observed) was very high (~93.5%).

e [NP-mediated delivery of mRNA equivalents of therapeutic recombinant proteins is a
promising strategy for treating lung damage.

0 Delivery of mRNA encoding FLAG-tagged IL-1RA, sACE2-Ig, and ANGPT1
reduced mortality to a modest degree in our newly established mouse model of
severe lung damage resembling ARDS.

4.2, Future Directions.

e Optimize aGalCer + LPS dosing regimen to achieve a consistent mortality rate in our mouse

model of severe lung damage. This should improve our ability to sensitively detect and
precisely measure therapeutic effects associated with mRNA delivery.

o

Consider increasing aGalCer and/or LPS dose, and/or multiple rounds of dosing.

e Optimize LNP/mRNA formulation for effective delivery without toxicity when
administered to mice with severe lung damage. Success will be essential for translation to
clinical use.

e TFurther evaluate IL-RA, sACE2-Ig, and ANGPT1 mRNA as MCMs against lung damage.
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0 Repeat study of therapeutic effects, using a less toxic LNP/mRNA formulation and
a mouse model with a more consistent mortality rate.

O Assess potential for prophylactic effects, by administering prior to lung damage.

0 Evaluate combination therapy/prophylaxis, by administering multiple LNP/mRNA
formulations simultaneously or sequentially.

O Test efficacy in treating/preventing lung damage resulting from other causes, such as
physical stresses and infectious diseases.

O Recapitulate most promising effects in non-human primate (NHP) model(s), as
initial step in assembling a data package to support authorization of clinical trials.
This will require a partner with access to a NHP research facility.

e Investigate whether LNP-mediated delivery of 8 mRNA equivalents of therapeutic
recombinant proteins confers any benefit to healthy mice (e.g, increased lung capacity).

0 DoD has expressed interest in treatments that enhance lung performance.
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