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Abstract

Inhaled delivery of mRNA has the potential to treat a wide variety of diseases. However, nebulized
mRNA lipid nanoparticles (LNPs) face several unique challenges including stability during
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nebulization and penetration through both cellular and extracellular barriers. Here we develop a
combinatorial approach addressing these barriers. First, we observe that LNP formulations can be
stabilized to resist nebulization-induced aggregation by altering the nebulization buffer to increase
the LNP charge during nebulization, and by the addition of a branched polymeric excipient. Next,
we synthesize a combinatorial library of ionizable, degradable lipids using reductive amination,
and evaluate their delivery potential using fully differentiated air-liquid interface cultured primary
lung epithelial cells. The final combination of ionizable lipid, charge-stabilized formulation

and stability-enhancing excipient yields a significant improvement in lung mRNA delivery over
current state-of-the-art LNPs and polymeric nanoparticles.

In vivo delivery of mMRNA has the promise to treat and prevent a wide variety of genetic,
infectious and other diseases~17. Most notably, intramuscularly delivered lipid nanoparticle
(LNP)-based mRNA vaccines have showed excellent efficacy against the SARS-CoV-2 virus
driving the COVID-19 pandemic!3.14, Other therapies, including vaccines®18-27 protein
replacement therapy?® and gene editing?®, are in various stages of investigation.

Targeting the respiratory epithelium for lung-targeted mRNA-based protein replacement
therapy and/or gene editing could treat lung diseases such as cystic fibrosis (CF)2%:30,
primary ciliary dyskinesia®1:32 a—1 antitrypsin deficiency33 and asthma343°. Additionally,
mucosal vaccination targeting the deep lung may provide enhanced protection against
respiratory infections compared with intramuscular36-46 or even intranasal vaccines#6:47.
Lung epithelial delivery has been reported with both nebulized hyperbranched poly(p amino
ester) (WPBAE)-based nanoparticles*® and LNPs#°. However, a recent clinical trial for CF
gene therapy using nebulized mRNA LNPs did not show notable efficacy, suggesting that
further improvements are necessary for this delivery modality>C.

The difficulty of LNP-based nebulized mRNA delivery is related to several nebulization-
and lung-specific barriers. First, nebulization induces powerful shear forces that can
disrupt nanoparticle structure and induce aggregation?®. Second, transfecting the bronchial
epithelium requires penetration of a mucus layer that is a steric and chemical barrier to
diffusion®1-54, Furthermore, while NP uptake is most efficient on the basolateral side

of polarized lung epithelial cells, the basolateral side is rendered inaccessible to apically
delivered LNPs by tight junctions®®:56,

To address the nebulization challenge, we first optimized LNP component ratios for stability
and further refined LNP stability through rational design of buffer conditions and excipients.
Next, we screened a library of lipids for mMRNA delivery to the lung epithelium using in vitro
air-liquid interface (ALI) cultures. ALI cultures proved to have good predictive capability
and yielded two candidates with excellent in vivo performance, IR-117-17 and IR-19-Py.

When nebulized under optimized formulation conditions, these two lipids substantially
outperform state-of-the-art mMRNA delivery formulations to the lung and nose, respectively.
Nebulized IR-117-17 LNPs produced a 300-fold improvement in lung mRNA delivery
over the top previously described LNP*°, and a twofold improvement over the previously
reported PBAE*8, including up to a 45-fold improvement in delivery to the large airways?s.
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Results

Formulation optimization of LNPs for nebulized delivery

Given the vast chemical space available for LNP formulations and the material-intensive
nature of nebulization experiments, we used a design-of-experiment (DOE) approach®7:58 to
optimize LNPs for stability during nebulization. Initial experiments with a liver-optimized
C12-200 based LNP formulation® showed that LNPs collected after nebulization with an
Aeroneb vibrating mesh nebulizer exhibited reduced in vitro transfection ability in A549
cells, loss of mMRNA encapsulation and increased size (Supplementary Fig. 1a—c). Using
cryogenic transmission electron microscopy (cryo-TEM), we observed randomly stacked
lamellar structures on LNP surfaces suggestive of surface damage following nebulization in
contrast to ordinary sphere and electron-dense appearances displayed by pre-nebulized LNPs
(Supplementary Fig. 1d)9. We thus screened for LNP formulations which demonstrated
maximal post-nebulization stability as defined by (1) minimal loss in in vitro transfection
efficiency or mRNA encapsulation efficiency and (2) minimal increase in LNP size
following nebulization.

To identify a nebulized LNP delivery baseline, we performed a pilot experiment comparing
two LNP formulations®”-60 previously developed for intravenous delivery of mRNA.

As previously described?8, we delivered 0.5 mg of firefly luciferase (FFL) mRNA to

mice via nebulization to a whole-body exposure chamber and measured luminescence

in excised lungs 6 h after delivery#8. The C12-200-based liver-targeting formulation®’
resulted in higher lung luminescence than the cKK-E12-based lung-targeting formulation89
(Supplementary Fig. 2) and therefore we selected the C12—-200-based formulation as our
central formulation for screening.

For our mixture-constrained DOE screen, we varied the molar ratios of the ionizable lipid,
helper phospholipid and cholesterol, and the identity of the ionizable lipid and helper
phospholipid (Fig. 1a). In total, we prepared 19 formulations, referred to as T1-1 to T1-19,
including our initial liver-targeting C12-200 formulation (T1-1), encapsulating FFL mRNA
via microfluidic mixing for evaluation (Fig. 1b and Supplementary Table 1).

The formulations were evaluated for in vitro transfection ability, encapsulation efficiency
and size before and after nebulization (Fig. 1c,d, and Supplementary Fig. 3). Of the

19, we identified one formulation (T1-5), which is a 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP)-containing formulation with high transfection efficiency in A549 cells
both before and after nebulization, and showing no loss in encapsulation efficiency due to
nebulization (Fig. 1c). As expected, the DOTAP-containing T1-5 formulation had a more
positive zeta potential than the original, 1,2-dioleoyl-sn-glycero-3-p hosphoethanolamine
(DOPE)-containing T1-1 (Supplementary Fig. 4a). The addition of DOTAP also improved
the preservation of the pre-nebulization morphology of LNPs following nebulization because
minimal surface damage was observed (Supplementary Fig. 4b) compared with T1-1
(Supplementary Fig. 1d). This may contribute to the observed ability for T1-5 LNPs to
preserve mRNA encapsulation following nebulization (Fig. 1b).
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After confirming the reproducibility of our promising T1-5 results (Supplementary Fig. 5),
we next evaluated its in vivo performance in nebulized FFL mRNA delivery. Luminescence
was significantly higher in lungs transfected with T1-5 compared with T1-1 (Fig. 1e).
While these results were promising, the potential of the T1-5 formulation was hindered

by its substantial size increase following nebulization which in contrast was not observed
for a nebulizable hPBAE polymer nanoparticle (Supplementary Fig. 3)*8. This nebulization-
induced LNP aggregation suggested further opportunities to improve LNP stability and
potentially improve in vivo efficacy.

Excipients and buffer modifications to improve LNP stability

We therefore performed a rationally designed screen of stabilizing excipients and buffer
alternatives to PBS (Fig. 2a). We first hypothesized that the disaccharides trehalose

and sucrose, which stabilize liposomes and LNPs to freeze—thaw cycles61-84, could also
stabilize LNPs to nebulization. We also hypothesized that a hydrophilic polymer may
inhibit LNP aggregation through reducing steric hindrance, and therefore we evaluated
polysaccharides (Dextran and Ficoll), and linear (PEG6K and PEG20K) and branched
(bPEG20K) polyethylene glycols (PEGs). Although neither disaccharide improved the
nebulized performance of T1-5 in mice when compared with T1-5 alone, all of the
polymers improved performance. Most notably, bPEG20K led to a ~13-fold increase in lung
luminescence (Fig. 2b). To evaluate whether bPEG20K improved the in vivo performance of
T1-5 by impacting lung physiology, we nebulized a 2% bPEG20K solution without LNPs
to mice immediately followed by T1-5 LNPs alone. Pretreatment with bPEG20K solution
did not improve T1-5 performance compared with T1-5 delivered without pretreatment
(Supplementary Fig. 6a). Also, inhalation of a bPEG20K solution did not result in notable
morphological changes to the lung (Supplementary Fig. 6b). This indicates that bPEG20K’s
effect on nebulized performance is tied to its presence in the formulation. A 2% bPEG20K
solution was used for all subsequent nebulizations unless specified because concentrations
beyond 2% were not observed to improve the stability of LNPs during nebulization
(Supplementary Fig. 6c).

During nebulization, we noticed mice often huddled in the chamber, potentially causing
inconsistent aerosol exposure. To address this, we used individual restrainers for mice,
connecting them to a nose-only exposure system where their noses were exposed to a
central chamber through which the aerosol flowed. This system resulted in increased lung
luminescence compared with the whole-body chamber (Supplementary Fig. 7). Therefore,
we adopted the nose-only system for further experiments.

We next hypothesized that modifications to the LNP buffer may further improve nebulized
delivery efficacy of the T1-5 formulation with bPEG20K excipient. We compared two
previously tested nebulization buffers to PBS: 0.9% saline, pH 7.0 (ref. 65), and 100 mM
sodium acetate (NaAc), pH 5.2 (ref. 48). We reasoned that the slightly acidic NaAc buffer
would protonate the ionizable lipids present in LNPs, leading to reduced LNP aggregation
via electrostatic repulsion. To evaluate the buffers, T1-5 LNPs were microfluidically
mixed®’, initially dialysed into PBS before secondary, overnight dialysis in the selected
buffer, and 2% bPEG20K excipient was added before nebulization. We found that NaAc
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buffer, but not 0.9% saline, significantly improved nebulized delivery efficacy compared
with PBS (Fig. 2c). As predicted, NaAc buffer dialysis increased the zeta potential of LNPs
compared with those dialysed only in PBS (Supplementary Fig. 8a). Additionally, dialysis
into NaAc buffer did not result in an appreciable change in the morphology of the LNPs as
observed by cryo-TEM (Supplementary Fig. 8b).

To test whether the bPEG20K stabilizing excipient and NaAc buffer reduced LNP
aggregation during nebulization, we measured the size of LNPs before and after nebulization
in the presence or absence of the excipient and buffer modification. Incorporating bPEG20K
into either buffer attenuated the increase in LNP size following nebulization, with the
smallest post-nebulization size achieved by combining 2% bPEG20K with NaAc buffer
(Fig. 2d). These conditions also mostly preserved LNP morphology following nebulization,
although we noticed formation of small (<10 nm) liposomal structures after nebulization,
presumably as a result of nebulization-induced shearing (Supplementary Fig. 8b).

We also hypothesized that the combination of excipient, NaAc buffer and T1-5 formulation
might stabilize the mRNA from fragmentation during nebulization. Indeed, nebulization
drove fragmentation of naked mRNA and T1-1-formulated mRNA, but had a minimal

to non-existent effect on the stability of T1-5-formulated mRNA with excipients
(Supplementary Fig. 9). Because fragmented mRNA is unlikely to be functional, this is

a potential mechanism by which our approach improves nebulized delivery. Given the
improvements observed for nebulizer stability and in vivo transfection efficiency, secondary
dialysis into NaAc buffer and addition of 2% w/v bPEG20K excipient were used for all
subsequent in vivo experiments unless otherwise noted.

Synthesis and screening of a biodegradable lipid library

We next sought to identify lipids that facilitated transfection of the lung epithelium. First, we
designed a biodegradable lipid synthesis strategy using reductive amination chemistry (Fig.
3a), in which ester-containing lipid aldehydes were reacted with amines. Typical conversion
rates as estimated by thin-layer chromatography were ~50-80% before purification. To

test whether we could screen the lipids without individual purification as has been done

with other libraries®66.67 we prepared 22 lipids, both purified and crude, formulated into
LNPs using the T1-5 formulation, and tested their FFL mRNA delivery in A549 cells.

We observed no statistically significant positive correlation between purified and unpurified
lipids with this chemistry (Supplementary Fig. 10), suggesting that a screen of crude lipids
would not be informative.

We therefore restricted ourselves to a smaller library that combined a broad array of
headgroups with a restricted set of tails, reasoning that we could optimize tail structure

in subsequent steps. We predicted that unsaturated tails would have optimal activity, and
therefore we primarily synthesized lipids with oleic and linoleic acid tails (Fig. 3b), although
we also synthesized four lipids with Cqg tails. We synthesized and screened a total of 46
lipids in A549 cells, and found that several of them had efficiency comparable to that of
C12-200 (Supplementary Fig. 11). Of the Cq4 tail lipids, three-quarters had worse activity
than headgroup-matched unsaturated tail variants, while the fourth was not in the top 20
lipids by activity, thus preliminarily validating our focus on unsaturated tails.

Nat Nanotechnol. Author manuscript; available in PMC 2024 March 21.
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lonizable lipid screening in ALI cultures

Because nebulization is low throughput, and in vitro mRNA delivery assays with classic
cell-culture techniques are unreliable, we generated ALI cultures derived from primary
human bronchial epithelial cells as an intermediate, medium-throughput technique. ALI
cultures are grown on porous Transwell inserts such that media can be removed from the
top (apical) side of the insert and the cells can be fed from the bottom (basolateral) side
(Fig. 3c). ALI cultures recapitulate key characteristics of the in vivo bronchial epithelium
including differentiation, mucus secretion, periciliary layer formation and tight junctions®-
1. ALLI cultures are difficult to transfect’?, probably due to these in vivo-like characteristics,
which suggested that these cultures could be a good model for screening LNPs.

We therefore generated both primary large-airway and small-airway ALI cultures because
both airways are important for respiratory disease’2~7. As expected, both airway cultures
formed tight junctions (Supplementary Fig. 12a,b)76 and large airway cultures grew more
thickly, with dense visible ciliation (Fig. 3d).

To validate ALI cultures as a model for LNP delivery, we tested T1-5-formulated C12—

200 LNPs for FFL delivery to ALI cultures for up to 2 weeks after airlift. Transfection
efficiency dropped over that period by 2.5-3 orders of magnitude (Fig. 3e), consistent with
the previous observation that SiIRNA delivery by traditional in vitro transfection reagents
decreases sharply over the first week of ALI culture’? due to cell differentiation, polarization
and/or tight junction formation, leading to poor apical uptake and reduced access to the more
endocytic basolateral side of cells®6:71,

Next, we screened the 22 top-performing LNPs from the A549 assay for ALI culture mRNA
delivery. Nebulization is resource intensive and while microfluidic mixing of LNPs is a
standard procedure in the production of RNA LNPs’’, it can be time intensive, and replacing
microfluidic mixing with pipette mixing during screening can yield useful results:67.
Therefore, to accelerate initial screening, we performed our screening using handmixed,
non-nebulized LNPs. The top two performers were A10-Lin/IR-117-17 and A20-Ol/IR-19-

Py (Fig. 3f,9).

To identify the structure—activity relationships of our top-performing structures, we screened
variants of IR-117-17 and IR-19-Py. First, we screened saturated tails of lengths Cg—C1g for
each lipid, and found that intermediate tail lengths in the range of C1,—Cy4 were optimal,
although the unsaturated tails were still superior (Supplementary Fig. 13). Increasing the
level of unsaturation for IR-117-17 using an a-linolenic acid (ALA)-tailed variant did not
affect activity.

We also tested headgroup variants of IR-117-17 with oleic, linoleic and/or ALA tails.
Shortening the alkyl chains branching off from the tertiary amine impaired activity for the
linoleic and ALA tails, while activity for the oleic tails was unaffected or improved by tail
shortening, (Supplementary Fig. 14a,b). IR-19-Py activity was insensitive to replacement
of the pyrazole group with an imidazole, and to demethylation of one of the headgroup
nitrogens (Supplementary Fig. 14c,d).

Nat Nanotechnol. Author manuscript; available in PMC 2024 March 21.
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In vivo evaluation of lead-ionizable lipid LNPs

Next, we nebulized T1-5-formulated IR-117-17 and IR-19-Py to mice, along with C15,

C15 and ALA tail variants of IR-117-17 to test the predictive capacity of ALI cultures.

As controls, we also nebulized our previously reported lung-delivery-optimized hPBAE#8
and NLD1, an LNP that has been reported to offer good nebulized mRNA delivery*®. We
measured whole-lung luminescence at 6 h for the LNPs, 24 h for the PBAE and 48 h for
NLD1, according to the reported peak expression for the latter two particles. As observed
in ALI cultures, IR-117-17 (1.1 x 106 photons s™1 cm=2 sr~1) significantly outperformed
C12-200 (6.1 x 10° photons s~1 cm=2 sr™1) (Fig. 4a). IR-117-17 also outperformed the
polymeric PBAE nanoparticle (5.2 x 10° photons s71 cm=2 sr~1) by twofold and NLD1 (2.8
x 103 photons s~ cm=2 sr~1) by 300-fold (Fig. 4a). Nebulized delivery of 1 mg of FFL
mMRNA via IR-117-17 LNPs resulted in uniform distribution of luminescence across all five
lobes of the lung (Supplementary Fig. 15) and in significantly higher levels of FFL protein
expression in the lung compared with delivery via hPBAE at respective peak expression time
points (Supplementary Fig. 16), consistent with the results observed by IVIS imaging.

The ALI culture experiments correctly predicted that IR-117-17-C15 would perform poorly
relative to IR-117-17-C12 and the original IR-117-17. However, our ALI cultures incorrectly
predicted good IR-117-17-ALA activity: it performed the worst of all tested lipids. Because
of this, there was no statistically significant correlation between the ALI culture and the in
vivo data (Fig. 4b) when only taking LNPs into account. Meanwhile, the A549 data were
substantially worse, predicting nearly everything incorrectly (Fig. 4c).

We reasoned that one possible explanation for this lack of correlation was that our nebulizer
stabilization techniques were not universally applicable to all LNPs. We therefore generated
LNPs from C12-200 and the IR-117-17 variants via microfluidic synthesis, nebulized the
LNPs using bPEG20K and NaAc excipients, and treated A549 cells and ALI cultures

with the post-nebulized LNPs. For post-nebulized LNPs, both A549 cells (= 0.0076)

and AL cultures (P=0.0022) showed significant correlations between in vitro and in

vivo activity (Fig. 4d,e), primarily because both predicted IR-117-17 to be effective and
IR-117-17-ALA was adversely affected by nebulization. However, C12-200 continued to be
the most effective lipid for A549 cell transfection, whereas ALI cultures correctly identified
IR-117-17 as the top lipid.

Based on these results, we further characterized IR-117-17 and IR-19-Py, which had
statistically comparable delivery to C12-200 and a more chemically distinct headgroup
than IR-117-17-Cy5,. As with C12-200, optimized buffer and excipient conditions improved
delivery of LNPs formulated with each biodegradable lipid (Supplementary Fig. 17).
Likewise, bPEG20K and NaAc buffer reduced post-nebulization size when compared

with PBS alone for both biodegradable lipids (Supplementary Fig. 18a), and attenuated

a slight loss in encapsulation efficiency observed with nebulization in PBS buffer only
(Supplementary Fig. 18b). Also like C12-200, the zeta potentials of IR-117-17 and
IR-19-Py LNPs dialysed in NaAc buffer were more positive than those dialysed in PBS
(Supplementary Fig. 18c).
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IR-117-17 LNPs in PBS contained ‘bleb’ structures on top of the amorphous electron-dense
core on around two-thirds of the LNPs, as observed under cryo-TEM (Supplementary

Fig. 18d). Such morphology has been previously reported’879, When the bPEG20K and
NaAc buffer were used, two populations, one with liposome morphology and one with

the conventional, concrete electron-dense morphology, emerged for the IR-117-17 LNP
formulation. Such formation of the same dual populations under a pH 4 NaAc buffer was
previously reported for both SIRNA LNPs8 and mRNA LNPs82, and is believed to be
associated with charge repulsion between protonated ionizable lipids. Overall, the bPPEG20K
and NaAc buffer resulted in better preservation of the pre-nebulized LNP structures
compared with PBS buffer (Supplementary Fig. 18d). Notably, IR-117-17 LNPs nebulized
in the presence of bPEG20K and NaAc buffer had an average diameter of only 116 nm
(Supplementary Fig. 18a), the smallest size we have observed for any LNP following
nebulization, and the mRNA remained stable following nebulization (Supplementary Fig. 9).

Pharmacokinetics and pharmacodynamics of top LNPs

To determine whether lung protein expression could be controlled by nebulized dose, we
performed a dose—response experiment with C12-200, IR-117-17 and IR-19-Py. For all
three LNPs, increased lung luminescence correlated with dose (Fig. 5a). We next performed
a time-course study following nebulized delivery, and found that protein expression in both
the lungs (Fig. 5b,d) and nose (Fig. 5c,d) lasted in some cases at least 48 h after nebulized
dosing. IR-19-Py exhibited prolonged nasal expression, suggesting potential for use in nasal
vaccines. For mRNA protein-replacement therapies to treat pulmonary diseases such as
CF, repeat dosing of the therapeutic will be necessary. Therefore, we characterized the
ability to repeat-dose nebulized LNPs by administering 1 mg of FFL mRNA every 72 h
and measured lung luminescence 6 h post-nebulization. Using 72 h intervals ensures that
previous luciferase signals would minimally impact new ones. For all LNPs, no loss in
lung luminescence was observed over the course of the three administrations (Fig. 5e). To
confirm that our top candidate IR-117-17 could be degraded via esterase cleavage and thus
be unlikely to accumulate upon repeated dosing, we incubated it with pooled human liver
and lung S9 fractions containing important metabolic enzymes82. We detected an increase
in the predicted esterase-cleaved metabolites in the presence of S9 but not in a PBS control
(Supplementary Fig. 19). Inhaled delivery of 1 mg of FFL mRNA with IR-117-17 LNPs
or hPBAE resulted in normal tissue histology (Supplementary Fig. 20a) and no elevation
in levels of proinflammatory cytokines in bronchoalveolar lavage fluid (BALF) 24 h after
inhalation (Supplementary Fig. 20b). In contrast, intranasal administration of 5 pug of LPS
resulted in severe lung injury and elevated levels of several proinflammatory cytokines in
BALF (Supplementary Fig. 20).

To evaluate nebulized delivery of mMRNA in a relevant disease model, we examined delivery
performance in the Scnnib-Tg mouse model. This strain overexpresses the ENaC sodium
channel, leading to sodium hyperabsorption in the lung and CF-like inflammatory and
muco-obstructive lung disease. This model is reported to mimic CF lung disease better

than actual knockout of CFTR, which mostly causes intestinal disease in mice83-85, Given
the physiological differences between Scnnib-Tg and wild-type mice, we performed a time-
course study in Scrin1b-Tg mice to identify peak luciferase expression following nebulized
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mRNA delivery with either IR-117-17 or hPBAE. Peak luminescence was observed at 12
and 24 h for IR-117-17 and hPBAE, respectively (Supplementary Fig. 21). As with wild-
type mice, inhaled delivery of 1 mg of FFL mRNA with IR-117-17 resulted in significantly
higher peak luminescence compared with hPBAE (Fig. 5f), indicating the potential of
IR-117-17 LNPs to deliver mRNA even in the presence of CF-like lung disease.

Quantifying cell transfection with IR-117-17 LNPs

Finally, to quantify transfection of specific cell types, we tested nebulized delivery of Cre
recombinase mMRNA to the Ail4 mouse model. Cells in these mice express tdTomato only
upon Cre activity (Fig. 6a)50. We nebulized 9 mg of Cre mRNA in IR-117-17 LNPs or
hPBAESs to mice over the course of three doses and measured lung transfection in large and
small airways using histology. A 9 mg dose was selected because nebulization of aerosols
to mice results in <1% of the dose depositing in the lungs8¢:87. Additionally, it is estimated
that in a previous study of nebulized primary ciliary dyskinesia therapy, >10 mg of mRNA
needed to be nebulized to mice to achieve therapeutic results®8. Supplementary Fig. 22a
shows representative whole-lung images and Fig. 6b shows representative images of the
large and small airways in lungs of mice that received nebulized IR-117-17.

By quantifying the images, we observed 10.3% and 8.8% transfection of large- and small-
airway cells, respectively, for IR-117-17 versus 0.23% and 1.92% with hPBAE (Fig. 6¢

and Supplementary Fig. 22a). This represents 45-fold and 4.6-fold better transfection for
IR-117-17 in the large and small airways, respectively. We next quantified transfection

of club cells, which are the largest source of CFTRin the lung8%:90, Additionally, they

are promising targets for both gene therapy and gene editing for CF because they can

act as progenitor cells and are easier to target via nebulization than basal cells®L. Slightly
smaller percentages of club cells (8.4% and 7.6%) were transfected using IR-117-17 LNPs
(Supplementary Fig. 22b), although the difference between club cell transfection and all cell
transfection was not significant (P = 0.35 for large airways, A= 0.61 for small airways, *
test). hPBAE transfected 0.15% and 1.2% of large- and small-airway club cells, respectively.

IR-117-17 LNPs also transfected other cell types including alveolar macrophages and
alveolar epithelium (Supplementary Fig. 23). hPBAE also transfected alveoli, consistent
with other reports of majority alveolar-directed expression of modified PBAE-like materials
(Supplementary Fig. 23)%2. This probably explains the comparable overall lung transfection
efficiency observed by bulk luminescence for inhaled hPBAE delivery (Fig. 5a) despite poor
conducting airway delivery (Fig. 6c).

Additionally, for LNP-treated mice, all 21 large airways we quantified and 140 out of

151 (93%) of small airways had at least one transfected cell (Supplementary Fig. 22c,d),
although some individual stretches of airway showed near-complete transfection (Fig. 6d).
Heterogeneity in transfection may be due to differences in transfectability and/or particle
deposition and is an interesting area for future investigation.
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Conclusions

Methods

We describe three advances toward safe and effective mRNA delivery. First, we identified

a combination of formulation, excipient and buffer that improved LNP stability and activity
following nebulization. Second, we showed that in vitro screens based on primary ALI
cultures can effectively evaluate mRNA delivery LNPs for the lung. These screens have
higher throughput than in vivo testing and greater accuracy than submerged cell-culture
assays. In comparison with barcoded in vivo screening, ALI culture screening avoids
nonlinear effects inherent to nanoparticle pooling®3. Lastly, we introduce IR-117-17 and
IR-19-Py, which under our optimized conditions yield state-of-the-art nebulized delivery to
the lung and nose, respectively. IR-117-17 targets the conducting airways far better than the
control PBAE, making it a more promising candidate to treat diseases that manifest outside
alveolar spaces. Although additional work is needed to advance inhaled nanotherapy, the
technology described here is one of the most potent mMRNA delivery formulations reported
for nebulized, in vivo mRNA delivery.

Nanoparticle formulation

LNPs were synthesized by mixing an aqueous phase containing the mRNA with an

ethanol phase containing the lipids either by pipetting or in a microfluidic chip device®*.
The aqueous phase was prepared in a 10 mM citrate buffer with corresponding mRNA

(FFL and Cre recombinase mRNA provided by Translate Bio). The ethanol phase was
prepared by solubilizing a mixture of ionizable lipid, helper phospholipid (DOTAP, DOPE
or 1,2-distearoyl-sn-glycero-3-p hosphocholine (DSPC) (Avanti)), cholesterol (Chol, Sigma-
Aldrich) and C14-PEGyqqo (Avanti) at predetermined molar ratios with an ionizable lipid/
mRNA weight ratio of 10:1. For microfluidically prepared LNPs, the aqueous and ethanol
phases were mixed in a microfluidic device at a 3:1 ratio by syringe pumps to a final mMRNA
concentration of 0.1 mg mI~1 for in vitro studies or 0.2 mg mI~1 for in vivo studies. The
resultant formulation was dialysed against PBS, unless otherwise specified, overnight in a 20
kDa molecular weight cut-off dialysis cassette (ThermoFisher) at 4 °C. For formulations in
other buffers, LNPs were first dialysed against PBS for 4 h followed by overnight dialysis
against 0.9% saline, pH 7.0 or 100 mM NaAc buffer prepared by diluting 3 M, pH 5.2 NaAc
with deionized H,0. Following dialysis, LNPs were concentrated using Amicon 100 kDa
molecular weight cut-off centrifugation filters (Sigma) at 4 °C. For pipette-mixed LNPs,

the two phases were mixed by repeated pipetting and immediately diluted in PBS to the
specified concentrations.

For screening of ionizable lipids generated by reductive amination, screening took

place holding mass ratios from the T1-5 formulation (with C12-200 as the ionizable
lipid) constant. This corresponded to mass ratios of 50.1:24.6:16.8:8.5 ionizable
lipid:DOTAP:cholesterol: C14-PEG2000. This constant mass ratio formulation was used
in all subsequent experiments.

NLD1 LNPs and hPBAE polymer nanoparticles were prepared as previously described48:49.
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LNP characterization

Cryo-TEM

MRNA encapsulation efficiencies were measured by a modified Quanti-iT Ribogreen RNA
assay (Invitrogen) as previously described%. The diameter of the LNPs was measured by
dynamic light scattering (DLS; Dyna Pro Plate Reader, Wyatt or Zetasizer Nano, Malvern).
LNPs were diluted to 0.5 ng mRNA pl~1 in PBS for DLS measurements. LNP diameters are
reported as the largest intensity mean peak average, constituting >90% of the nanoparticles
present in the sample. For DLS measurements on the Dyna Pro, only acquisitions meeting
the instrument’s data quality criteria were included. Zeta potential was measured using a
Malvern Zetasizer Nano. LNPs were diluted to 1 ng mRNA pl~1 in either 0.1x PBS or 10
mM NaAc to match the overnight dialysis buffer for zeta potential measurements.

LNPs were diluted to 3 mg mI~2 lipid concentration in deionized water and 3 pl was dropped
on a copper grid coated with carbon film and blotted using a Gatan Cryo Plunge Ill. The grid
was mounted on a Gatan 626 single-tilt cryoholder and cooled by liquid nitrogen. Imaging
was done on a JEOL 2100 FEG microscope at 200 kV with magnification of between
10,000x and 60,000x, recorded on a Gatan 2kx2k UltraScan charge-coupled device camera.

Nebulization of nanoparticles

Cell culture

To characterize the effects of nebulization on LNP size, encapsulation efficiency and
transfection efficiency, 100 pl of LNPs at 150 ng ul~1 were loaded into an Aeroneb
vibrating mesh nebulizer (Aerogen) and nebulized into 1.5 ml microcentrifuge tubes. Where
specified, 2% wi/v of excipients were added to the LNP formulation following dialysis and
immediately prior to nebulization.

Ab549 lung epithelial cells (ATCC) were grown in DMEM high glucose + sodium pyruvate +
GlutaMax (Gibco number 10569-010) + 10% FBS.

Primary large airway cells (University of North Caroline at Chapel Hill MLI Tissue
Procurement and Cell Culture Core) and primary small airway cells (ATCC) were expanded
using PneumaCult-ExPlus (Stem-Cell) according to the instructions for the media and plated
for ALI cultures at P3 and P4, respectively.

AL cultures were plated either onto 0.4 um pore, 6.5 mm diameter PET Transwell inserts
for 24-well plates (Corning) or 0.4 um pore polycarbonate inserts for 96-well plates
(Corning). The 24-well plates were used for histology, the 2 week transfection time course,
and transepithelial electrical resistance measurements; 96-well plates were used for all other
experiments. Cells were seeded at levels of 33,000 cells per well in the 24-well inserts and
15,000 cells per well in the 96-well plate inserts.

Per the manufacturer’s instructions, cultures were grown to confluence with both apical

and basolateral (ExPlus) media for 2—4 days before airlift. Because polycarbonate inserts
are opaque, rendering confluence not observable, each time cells were thawed and plated
on a 96-well insert plate, the same cells were plated on 6.5 mm PET inserts. The 96-well
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insert plates were airlifted 1 day after the concurrently plated PET inserts because initial
experiments showed that the extra day helped tight junctions form more consistently. Upon
airlift, apical media was removed and basolateral media was changed to PneumaCult-ALI
(for large-airway cells) or ALI-S (for small-airway cells) media (StemCell). Qualitative tight
junction formation, as measured by a lack of leakage of media overnight into the apical
space, was observed for both 24-well and 96-well ALI cultures within 1 week of airlift.
Media was changed three times per week and cells were not transfected until at least 20 days
of ALI culture.

In vitro transfection experiments

For DOE screening and optimization of the IR-117-17 and IR-19-Py leads, 10,000 A549
cells per well were plated in white-sided, clear-bottom 96-well plates. After 24 h of
incubation, FFL mRNA encapsulated in either LNPs diluted in PBS or RNAIMAX
(ThermoFisher) was added at 50 ng per well except for post-nebulized LNP samples which
were added at the same volume as the respective pre-nebulized sample. For the initial
reductive amination lipid screen, 2,000 A549 cells per well were plated in a white 384-well
plate and allowed to grow overnight. The next day, LNPs were generated by pipette mixing
(except where otherwise noted) to a final concentration of 100 ng plI=1 mRNA, diluted in
PBS to 10 ng pl~2 mRNA, and wells were treated with 20 ng mRNA per well. For ALI
cultures, LNPs were likewise generated by pipette mixing or microfluidic mixing as noted
in the main text, and diluted to 50 ng pl~1 total MRNA with PBS. Then, 10 pl of this 50 ng
solution was added apically to 96-well inserts, or 20 ul to 24-well inserts.

Bioluminescence was measured 24 h after transfection using Bright-Glo (Promega)
according to the manufacturer’s instructions. Bioluminescence was quantified using a Tecan
Infinite M200 Pro plate reader (Tecan).

Biodegradability analysis
IR-117-17 (5 ng pl~1) was incubated with 2 mg mI~ pooled mixed-gender human liver S9
fraction, lung S9 fraction or PBS only. After 0, 1 or 7 days, samples were quantified via
liquid chromatography—mass spectrometry on an Agilent 6410 MSQQQ using an Acquity
C8 column (Waters) and peak areas for the relevant ions were quantified.

Animal studies

All procedures were performed under an animal protocol approved by the Massachusetts
Institute of Technology Committee on Animal Care (#2303000482) and the guidelines

for animal care in an MIT animal facility. C57BL/6J (female, 6-8 weeks old) and

B6.Cg- Gt(ROSA)26Sor'm14( CAG-tdTomato)Hze| (female, 3-4 months old) were purchased
from Jackson Laboratories. C57BL/6N Scnnib-Tg (purchased from Jackson Laboratories)
were bred in house, genotyped by ear punch (Transnetyx), and male mice were used for
experiments (10-14 weeks). Mice were housed in an MIT animal facility.

In vivo nebulized delivery

In vivo nebulized delivery of mRNA to mice was performed either in a whole-body exposure
chamber or a nose-only exposure chamber (CH Technologies) where specified. LNPs at
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0.3 mg mI~1 of MRNA were loaded into the nebulizer at required volumes with 2%

wi/v excipients where specified. For the whole-body exposure chamber, the nebulizer was
connected to the chamber via a tee and an oxygen flow rate of 15 standard cubic feet per
hour was used to direct aerosol into the chamber. For the nose-only exposure chamber, mice
were immobilized in restrainers and the restrainers connected to the chamber. A flow rate
of 2 standard liters per minute of oxygen was used and pressure within the chamber was
maintained at —0.1 deci-inches H,O. Nebulizations were performed until no more aerosol
was observed in the chamber.

For luciferase protein quantification, mice were Killed at specified time points following
nebulization, and their lungs removed and flash frozen in liquid nitrogen. Tissues were
homogenized in a pestle and mortar on dry ice. Homogenates were resuspended in PBS and
centrifuged at 20,000¢ for 5 min. Supernatant was assayed for luciferase content (Bright-
Glo, Promega) using a luciferin standard curve (Quanti-Lum, Promega) and for total protein
content (Pierce BCA kit, Invitrogen).

In vivo bioluminescence

Six hours after nebulization, unless otherwise noted, mice were injected intraperitoneally
with 0.2 ml XenoL.ight d-luciferin (10 mg mI~1 in DPBS; PerkinElmer). For whole-body
imaging, mice were anaesthetized in a ventilated anaesthesia chamber with 2.5% isofluorane
in oxygen and imaged 10 min after luciferin injection. Otherwise, mice were killed 10 min
after luciferin injection and organs were collected for imaging. Luminescence was measured
with an in vivo imaging system (IVIS, PerkinElmer) and quantified using Living Image
software (PerkinElmer).

Nebulization of bPEG20K to mice

For pretreatment of mice with bPEG20K prior to nebulized delivery of mRNA, 1.5 ml of 2%
w/v bPEG20K in PBS was nebulized to C57BL/6J mice immediately followed by nebulized
delivery of FFL mRNA. To evaluate the impact of bPEG20K on lung morphology, 1.5 ml of
2% w/v bPEG20K in PBS was nebulized to C57BL/6 J mice, and mice were killed 6 h after
nebulization. Lungs were harvested and placed overnight in 4% paraformaldehyde (PFA)
prior to transfer to 70% ethanol and embedding in a paraffin block. Sections of embedded
tissue were mounted on slides and stained with haematoxylin and eosin (H&E). Slides were
scanned by an Aperio Digital Pathology slide scanner.

Toxicity study of LNPs and hPBAE

Twenty-four hours after nebulization of 1 mg of FFL mRNA or intranasal administration of
5 ug LPS, mice were killed for either BALF collection to measure proinflammatory cytokine
levels or for tissue (lung, liver) harvest to determine tissue injury. PBS was nebulized as

a control. Lungs and livers were placed overnight in 4% PFA prior to being transferred to
70% ethanol and embedded in a paraffin block. Sections of embedded tissue were mounted
on slides and stained with H&E. Slides were scanned by an Aperio Digital Pathology slide
scanner.
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For BALF collection and analysis, mouse lungs were lavaged with 1 ml PBS via an
incision in the trachea, and lavage fluid was collected. The lavage fluid was centrifuged
for 5 min, 13,000g, at 4 °C. Supernatant was harvested and analysed by Eve Technologies
using the Mouse Cytokine Proinflammatory Focused 10-Plex Discovery Assay Array
(MilliporeSigma) on a Luminex 200 System according to the manufacturer’s protocol.

MRNA stability study

LNPs or naked mRNA were collected either with or without nebulization and mixed in a

1:1 ratio with 10% Triton X-100 (Sigma) to access encapsulated mMRNA. RNA was then
extracted using a Monarch RNA cleanup kit (New England Biolabs) and run in an Advanced
Analytical Fragment Analyzer.

Histology study with Ail4 mice

B6.Cg- Gt(ROSA)26S0rm14(CAG-tdTomato)Hze[ j mice (Jackson Laboratory) were
administered three 3 mg doses of Cre MRNA via nebulization in the nose-only exposure
chamber. Control Ail4 mice were administered PBS. Nebulizations were separated by 48

h and mice were killed 5 days after the final dose. Upon CO, euthanasia, the mouse lungs
were first perfused with PBS via the right ventricle. The left lobe was inflated through the
trachea with 0.25 ml of fresh 4% PFA and then placed in 4% PFA overnight. The following
day, the fixed tissue was submitted for paraffin processing. The lobe was embedded with

the ventral side down. Serial sections (5 pm each) were obtained up to the middle of the
lung. For each mouse, two slides were used for immunofluorescent imaging. One section
was taken from the middle of the lung where more large airways are present and the other
was taken from a quarter of the way into the lung where more small airways are present. The
slides were deparaffinized, permeabilized, blocked and then stained with rabbit anti-RFP
antibody (abcam, ab62341, 1:200) for 1 h. The slides were washed and labelled with Dylight
594 goat anti-rabbit antibody (Vector Labs, DI-1594, 1:200), Alexa Fluor 647 anti-acetylated
tubulin antibody (Santa Cruz, SC-23950, 1:200) and Alexa Fluor 488 anti-Uteroglobin/
SCGB1A1/CC10 antibody (Santa Cruz, SC-390313, 1:200) for 1 h. Autofluorescence was
blocked with Vector Labs autofluorescence quencher and slides were then mounted with
4,6-diamidino-2-phenylindole (DAPI) mounting media. Slides were imaged on a Nikon
spinning-disk confocal microscope. The number of tdTomato-positive cells in all airways on
these sections were counted manually using FIJI.

Statistical analysis

DOE was performed using JMP 13 software (JMP, SAS Institute). Standard deviations for
encapsulation efficiencies were calculated in Microsoft Excel by error propagation based
on the error in total MRNA and non-encapsulated mMRNA as measured by Ribgoreen. All
statistical tests were two-sided where applicable.

Reporting summary

Further information on research design is available in the Nature Portfolio Reporting
Summary linked to this article.
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Fig. 1 |. Formulation optimization of LNPs for nebulized delivery using DOE.
a, Molar ratios of the ionizable lipid, helper phospholipid and cholesterol were varied along

with the identity of the ionizable lipid and phospholipid.

b, Molar ratios of the resultant 19 LNP formulations with T1-1 representing the original
formulation previously developed in our laboratory around which the formulation design

is centred. c, In vitro transfection efficiencies of formulations before (blue) and after

(red) nebulization in A549 cells. FFL mRNA (50 ng) was delivered for pre-nebulized
formulations, normalized by total mMRNA in solution as measured by Ribogreen, and
volume-matched doses of post-nebulized formulations. Mean * s.d., /7= 3 wells per group.
RLU, relative light unit.

d, Encapsulation efficiency of FFL mRNA before (blue) and after (red) nebulization. Mean
+s.d., n= 3 technical replicates. e, Lung luminescence 6 h after nebulized delivery of 0.5
mg FFL mRNA to mice demonstrating that T1-5 significantly increasing luminescent signal
compared with the original T1-1 formulation. Representative images of lungs imaged by
IVIS are shown. One-way analysis of variance (ANOVA) with post hoc Tukey test, mean+
s.d., n= 3 mice for PBS, n=5 mice for others.
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Fig. 2 |. Excipients and buffer modifications for improved LNP stability and in vivo delivery.
a, Schematic of the workflow for evaluating addition of excipients and buffer modifications

to improve LNP nebulization. b,c, Bioluminescence in lung 6 h after nebulized
administration of 0.5 mg FFL mRNA with T1-5 and PEG excipients showing significant
increase over no excipients (b) (7= 3 mice for Ficoll and Dextran, /7= 4 mice for all
others; final excipient concentration 20% wi/v for the disaccharides and 2% w/v for all other
excipients), and overnight dialysis of T1-5 into 100 mM NaAc buffer, pH 5.2, improving
luminescent signal over dialysis into 0.9% saline or PBS (c) (7= 4 mice for saline, n=

5 mice for all others). Mean + s.d., one-way ANOVA with post hoc Tukey test. d, DLS
measurements of LNP size before and after nebulization demonstrating reduction in size
increase following nebulization for T1-5 formulation when bPEG20K is added to PBS and
further reduction when PBS is replaced with NaAc buffer in the presence of bPEG20K.
Mean + s.e.m., /7= 6-10 repeated measurements.
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a, Four-step synthetic sequence, comprising esterification, oxidation and aldol reaction, for
making our ionizable lipid library. Tails are made in the aldol reaction (step 3). DIPEA,
N,N-diisopropylethylamine; DCM, dichloromethane; STAB, sodium triacetoxyborohydride.
b, Individual tails and amine components for combinatorial reaction. ¢, Schematic of
difference between (1) classic submerged culture (undifferentiated cells, no tight junctions,
non-physiological environment) and (2) ALI cultures. d, Representative H&E-stained
histology images of 3-week-old large (top) and small (bottom) airway ALI cultures. Scale
bars, 50 um. e, Delivery of 1 pg FFL mRNA using T1-5-formulated, microfluidically mixed,
non-nebulized C12-200 LNPs, 2-13 days after airlift. 7= 3 ALI culture wells per day and
airway cell line type, two-way ANOVA with Dunnett’s multiple-comparisons test, mean +
s.e.m. f, Screen of the top 22 A549 hits for delivery to small-airway ALI cultures sorted by
sum of log luminescence in small and large airways. 7= 4 ALI culture wells per airway
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cell line type, that is, eight wells total per lipid, 500 ng mRNA per well, mean £ s.e.m. g,
Structures of two top hits, IR-117-17 and IR-19-Py.
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Fig. 4 |. In vivo testing and in vitro—in vivo comparison of top lipids.
a, Nebulized mRNA delivery to mouse lung after 1 mg dose delivered via nose cone, imaged

at peak expression (6 h for LNPs, 24 h for hPBAE?*8, 48 h for NLD14%). Mean + s.d.,
n=3for PBS, NLD1, IR-117-17-ALA, n= 4 for all others, one-way ANOVA with post

hoc Tukey test. Left: all nebulized NPs, right: zoomed-in image showing significant NLD1
delivery compared with PBS. b—e, Correlation of in vivo nebulized lung delivery data from a
to FFL delivery to ALI cultures (500 ng per well) using handmixed non-nebulized LNPs (b)
(no significant correlation, 2= 0.37; ALI culture measurements given in Supplementary Fig.
12), FFL delivery to A549 cells (20 ng per well) using handmixed non-nebulized LNPs (c)
(no significant correlation, A= 0.85), FFL delivery to ALI cultures (500 ng per well) using
microfluidically mixed post-nebulized LNPs (d) (o = 0.64, £=0.0022), and FFL delivery

to A549 cells (20 ng per well) using microfluidically mixed post-nebulized LNPs (e) (o =
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0.658, £=0.0076). In b—e, correlation Pvalues were calculated using an ~test, mean +
s.e.m., n= 3 ALI cultures wells for each measurement.
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Fig. 5 |. Pharmacokinetics and pharmacodynamics of top-performing LNPs.
a, Dose-response study of T1-5 LNPs comprising the two biodegradable ionizable lipids,

IR-117-17 and IR-19-Py, compared with the non-biodegradable lipid C12-200. Mean + s.d.,
n= 3 mice per dose. b,c, Time course of protein expression in the lung (b) and nose (c) of
mice following nebulized delivery of 1 mg mRNA. Mean + s.d., 7= 5 mice per experimental
group. d, Representative whole-body images of mice 6 h after nebulized delivery of 1 mg
mRNA. e, Repeat-dosing of 1 mg of mRNA every 3 days. Mean £ s.d., 7= 5 mice per
experimental group. f, Luminescence in the lungs of Scrnib-Tg mice, a model of the CF
phenotype, following nebulized delivery of 1 mg of FFL mRNA with either IR-117-17 LNPs
or hPBAE. Mean = s.d., n= 3 for PBS, n= 8 for all others, one-way ANOVA with post hoc

Tukey test.
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Fig. 6 |. Evaluating functional mRNA delivery to lung epithelium with IR-117-17 LNPs in the
Ail4 mouse model.
a, Schematic of Cre delivery experiment to quantify transfected cells in Ail4 mice. A total

of 9 mg of Cre mRNA evenly divided over the course of three doses was nebulized to

mice using IR-117-17 LNPs or hPBAE. PBS was nebulized to mice as a control. Created
with BioRender.com b, Representative images of large and small airways with or without
nebulized IR-117-17 LNP treatment. Left column: co-visualization of transfected cells
(tdTomato+) with DAPI. Right column: co-visualization of transfected cells (tdTomato+),
club cells (CCSP+) and ciliated cells (acetylated tubulin (AcTub)+, AcTub is membrane-
localized, hence colour is not present throughout the cell). Green arrows indicate transfected
club cells (tdTomato+ CCSP+), purple arrows indicate transfected ciliated cells (tdTomato+
AcTub+). ¢, Quantification of transfection of large and small airways by IR-117-17 LNPs
and hPBAEs. 7= 3 mice; individual points are averages over =5 large airways per mouse
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and =25 small airways per mouse; mean + s.e.m., two-way ANOVA. d, Some epithelial
regions in the lung had near 100% transfection.
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