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VACCINES

Polymer nanoparticles deliver mRNA to the lung for

mucosal vaccination
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An inhalable platform for messenger RNA (mRNA) therapeutics would enable minimally invasive and lung-tar-
geted delivery for a host of pulmonary diseases. Development of lung-targeted mRNA therapeutics has been
limited by poor transfection efficiency and risk of vehicle-induced pathology. Here, we report an inhalable
polymer-based vehicle for delivery of therapeutic mRNAs to the lung. We optimized biodegradable poly(-
amine-co-ester) (PACE) polyplexes for mRNA delivery using end-group modifications and polyethylene glycol.
These polyplexes achieved high transfection of mRNA throughout the lung, particularly in epithelial and
antigen-presenting cells. We applied this technology to develop a mucosal vaccine for severe acute respiratory
syndrome coronavirus 2 and found that intranasal vaccination with spike protein—-encoding mRNA polyplexes
induced potent cellular and humoral adaptive immunity and protected susceptible mice from lethal viral chal-
lenge. Together, these results demonstrate the translational potential of PACE polyplexes for therapeutic deliv-

ery of mRNA to the lungs.

INTRODUCTION

mRNA-based vaccines for severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) have demonstrated the potential of mRNA
therapeutics for safe and effective use in the general population (1,
2). The long-anticipated development of mRNA vaccines was
enabled by critical advancements in mRNA technology that im-
proved stability and transfection while minimizing innate
immune activation (3). To capitalize on these advancements and
expand the application of mRNA therapeutics beyond delivery of
systemically administered vaccines, further research and develop-
ment is required to optimize mRNA delivery vehicles for diverse
applications in vivo (4, 5). Delivery vehicles protect highly degrad-
able mRNA cargos and promote cellular uptake and protein expres-
sion. An optimized vehicle has the potential to deliver diverse
mRNA sequences, or combinations of mRNA sequences, enabling
applications for a broad range of prophylactic and therapeutic treat-
ments without extensive reformulation.
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An inhalable or topically administered delivery vehicle would fa-
cilitate minimally invasive and lung-targeted therapies for pulmo-
nary pathologies. In particular, inhaled delivery would be ideal for
creating improved mucosal vaccines for respiratory pathogens,
protein supplementation, or gene editing in the lung (6-9).
Several major limitations have hindered the development of
inhaled mRNA therapeutics. First, mRNA delivery vehicle efficacy
is highly dependent on the route of administration (10) and must
therefore be optimized for expression in the lung. Physiologic bar-
riers such as the respiratory mucosal layer, mucociliary clearance
into the gastrointestinal tract, and phagocytic cells must be over-
come for delivery to target cells in the lungs. High transfection ef-
ficiency is required to reduce the therapeutic dose and reach the
concentration of protein necessary to achieve a therapeutic re-
sponse. For example, despite initially promising safety and tolerabil-
ity, RESTORE-CF—an inhaled mRNA clinical trial, delivering
cystic fibrosis transmembrane conductance regulator (CFTR)—en-
coding mRNA in lipid nanoparticles (LNPs) for treatment of
cystic fibrosis (CF)—failed to improve pulmonary function in the
second interim report, highlighting the need for improvements in
the delivery vehicle (11). Another key concern for inhaled therapeu-
tic delivery is that the respiratory mucosa is particularly susceptible
to immunopathology (12). Several components of the LNP delivery
vehicles used in both approved mRNA vaccines have been shown to
induce inflammation in the respiratory tract after intranasal admin-
istration (I13). A nanoparticle (NP) optimized for inhaled adminis-
tration that achieves high mRNA transfection efficiency with
minimal induction of an inflammatory immune response is
needed to enable development of pulmonary mRNA therapeutics.

We sought to overcome the challenges to delivering mRNA to
the lung by creating a topically administered, well-tolerated,
polymer-based delivery vehicle. Previously, we demonstrated that
a family of biodegradable poly(amine-co-ester) (PACE) polymers
can encapsulate and protect nucleic acid cargos for delivery in
vivo (14). The chemical composition of PACE polymers is highly
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tunable depending on the monomer components added to the po-
lymerization reaction, the ratios of the components, and synthesis
conditions (15). For certain polymer compositions, PACE polymers
form polyplexes with mRNA (PACE-mRNA) through a combina-
tion of electrostatic interactions between the mildly cationic
polymer and the negatively charged phosphate backbone of
nucleic acids as well as hydrophobic interactions between segments
of the polymer chain. PACE polymers can also be modified through
the addition of end groups. We have demonstrated that amine-con-
taining end groups can improve transfection efficiency by facilitat-
ing endosomal escape of mRNA from the endocytosed NP into the
cytoplasm (16). Stabilization of PACE-mRNA polyplexes with poly-
ethylene glycol (PEG) can further improve mRNA delivery in vivo
(17). We capitalized on the highly tunable nature of PACE poly-
plexes by screening a library of delivery vehicles with different
chemical end groups and PEG content to optimize for high
protein expression after local delivery to the respiratory tract.

In the present work, we created an optimized PACE-mRNA pol-
yplex delivery vehicle that achieves high protein expression in the
lung, primarily in epithelial cells and antigen-presenting cells,
with tolerability for repeat dosing and minimal inflammatory re-
sponse. We demonstrate that our formulation can deliver diverse
mRNA cargos to mice, ranging from 1000 to 4000 nucleotides
(nt) in length. To demonstrate the translational potential of our de-
livery vehicle, we created an inhalable spike protein—encoding
mRNA vaccine for SARS-CoV-2. Our vaccine induced de novo im-
munity to SARS-CoV-2 through both systemic and local induction
of antibodies. We demonstrated effective draining lymph node ger-
minal center activation, resulting in expansion of spike protein—spe-
cific memory B cells and antibody-secreting cells (ASCs). Intranasal
vaccination induced circulating antigen—specific CD8" T cells and
lung-resident spike protein—specific tissue memory CD8" T cells.
Last, intranasal PACE-mRNA vaccination protected keratin 18
(K18)-human angiotensin-converting enzyme 2 (hACE2) mice
from lethal SARS-CoV-2 challenge.

RESULTS

PACE polymers encapsulate and deliver mRNA to cells

We optimized PACE polyplexes for mRNA delivery to the lung by
screening blends that combine the benefits of PEG stabilization and
end group—mediated enhanced endosomal escape. We identified 10
promising end-group chemistries and synthesized PACE polymers
by enzymatic copolymerization of 15-pentadecanolide, N-methyl
diethanolamine, and sebacic acid followed by carbonyldiimida-
zole-mediated conjugation of amine-containing end groups, using
a modified literature protocol (Fig. 1A) (16). Amine conjugation
was performed in two steps: first, by reacting the polymer with car-
bonyldiimidazole, and, second, reacting with various small mole-
cules containing primary amines. Each conjugation step was
monitored by nuclear magnetic resonance spectroscopy (figs. S1
to S3) and gel permeation chromatography (GPC) (fig. S4 and
table S1). A PACE block copolymer with PEG (PACE-PEG) was
synthesized by adding a 5-kDa methoxy-ended PEG during enzy-
matic copolymerization, following a modified literature protocol
(15, 18). This resulted in a PACE-PEG polymer of 12.2 kDaj; the
PACE and end group—conjugated PACE polymers were about 4
kDa in average molecular weight (M,), as characterized by GPC
(fig. S4 and table S1).
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We administered end group—modified PACE-mRNA to human
alveolar epithelial cells (A549) and identified PACE with end group
14 (E14) as a promising candidate for delivery (fig. S5). Next, we
examined the effect of PACE-PEG content on polyplex characteris-
tics by blending PACE-E14 and PACE-PEG at different ratios (table
S2). PACE-PEG reduced the size and surface charge of PACE-
mRNA polyplexes (Fig. 1, B and C), which is consistent with previ-
ous reports that PEGylation of cationic polymers can neutralize
surface potential (19-21). mRNA loading efficiency was measured
using a fluorescent nucleic acid stain (Quant-iT RiboGreen). Al-
though non-PEGylated polyplexes efficiently loaded mRNA (95%
loading), the addition of PACE-PEG improved loading efficiency
to around 99% (Fig. 1D), suggesting that incorporating PEG can
improve the polyplex formulation process.

To provide greater insight into how PEG content affects polyplex
structure, we calculated the PEG density and conformation on the
surface of PACE-mRNA polyplexes with 1, 10, or 25% PACE-PEG
by determining the polyplex molar mass through static light scatter-
ing measurements and by calculating the PEG surface density as-
suming that 100% of PEG chains are located on the polyplex
surface (table S3) (22). Polyplexes with PACE-PEG content of 1
to 10% had a surface PEG density in which PEG chains are in a
mushroom conformation, with the distance between PEG chains
(D) greater than twice the Flory radius of PEG (Rg), whereas 25%
PACE-PEG content produces a surface PEG density corresponding
to a brush conformation (Fig. 1E).

To compare the mRNA uptake and transfection efficiency of
PACE-mRNA polyplexes in vitro, we treated A549 cells with poly-
plexes loaded with cyanine-5 (Cy5)-labeled enhanced green fluo-
rescent protein (EGFP) mRNA or unlabeled EGFP mRNA using
a range of PACE-PEG contents, and we measured the fluorescent
signal by microscopy and flow cytometry. Fluorescence microscopy
demonstrated that PACE-mRNA without PACE-PEG transfected
cells at a comparable rate to a commercial transfection reagent, Lip-
ofectamine MessengerMax (LipoMM). However, we observed a no-
ticeable decrease in EGFP expression at 0.1 and 1% PACE-PEG,
although the Cy5-labeled mRNA signal remained consistent
(Fig. 1F). By flow cytometry, we observed that, although polyplex
uptake (measured by Cy5-mRNA signal) decreased with the addi-
tion of PACE-PEG, the overall uptake was still high; even at 10%
PACE-PEG concentration, 99.7% of cells were positive for Cy5
(Fig. 1G). By contrast, the average transfection efficiency (measured
by EGFP signal) decreased from 85 to 15% with increasing amounts
of PACE-PEG (Fig. 1H). Overall, the incorporation of PACE-PEG
caused a decrease in mRNA transfection efficiency that outpaced
the drop in mRNA uptake (fig. S6). These results suggest that, al-
though PEGylation inhibits the uptake of PACE polyplexes to
some degree, lower uptake does not fully explain the inhibitory
effect of PEG on mRNA transfection in vitro. On the basis of our
prior work demonstrating that mRNA transfection efficiency corre-
lates more strongly with endosomal escape than cellular uptake
(16), we hypothesize that PEGylation influences the extent of endo-
somal escape. In support of this, we noted a decrease in cytoplasmic
Cy5-mRNA signal as the extent of PEGylation was in-
creased (Fig. 1F).

The biocompatibility of PACE-mRNA polyplexes with 0, 10, and
25% PACE-PEG was compared with that of LipoMM using the
neutral red viability assay. A549 cells were treated with a range of
mRNA concentrations, delivered with a consistent ratio of
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(ANOVA) with Dunnet’s multiple com-
parisons test. (F) Representative mRNA
uptake and transfection efficiency of
cyanine 5 (Cy5)-conjugated EGFP mRNA
delivered with PACE-PEG-blended poly-
plexes or LipoMM (scale bars, 75 um;
Hoechst in blue, phalloidin in gray, Cy5-
mRNA in red, and EGFP in green). Naked
mRNA delivery to cells is shown as a
control. (G and H) Uptake of Cy5-conju-
gated mRNA (G) and transfection
efficiency of EGFP mRNA (H) are shown
for human alveolar epithelial cells (A549)
incubated with PEGylated PACE-E14.
mRNA indicates cells treated with naked
mRNA. (I) In vitro cytotoxicity of PEGy-
lated PACE-E14 polyplexes was com-
pared with LipoMM. Asterisks indicate
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polymer or LipoMM. At higher concentrations, the PACE-mRNA
polyplexes were significantly (P < 0.0001) less cytotoxic than
LipoMM. There was no difference in viability between the poly-
plexes based on PEG content (Fig. 1I). These results demonstrate
the superiority of PACE-mRNA polyplexes compared with
LipoMM in achieving comparably high mRNA transfection effi-
ciency with reduced cytotoxicity in vitro.
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A primary motivation for encapsulating mRNA into a delivery
vehicle is to protect the delicate nucleic acid from abundant degra-
dative enzymes in the lung mucosa. To demonstrate the ability of
PACE to protect cargo from ribonuclease (RNase) activity, we co-
incubated PACE-mRNA polyplexes with RNase before treating
human embryonic kidney—293 cells. RNase pretreatment had no
effect on transfection efficiency as measured by flow cytometry
analysis of the EGFP signal (Fig. 1J). PACE preserved the mRNA
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integrity for delivery to cells, whereas naked mRNA was completely
degraded after incubation with RNase under identical condi-
tions (Fig. 1K).

Last, the literature suggests that the change in amine to phos-
phate group ratio per strand on polymer and mRNA, respectively,
due to use of differently sized mRNAs can alter the hydrodynamic
size and loading capacity (23). However, we found that size, zeta
potential, and polydispersity index of polyplexes remained consis-
tent when formulated with mRNAs ranging in length from about
1000 to 4000 nt (fig. S7).

Optimization of end-group chemistry and PEG content
enhances protein expression in vivo after PACE-mRNA
delivery to the lungs

Prior research has established that traditional cell culture methods
are not predictive of transfection in vivo for both viral and nonviral
delivery systems (5, 17, 24-26). PEGylation of NPs presents addi-
tional advantages with administration to mucosal surfaces,
because PEGylation is well known to facilitate transport through
mucus (27), which is not present in most cell cultures. Therefore,
despite the reduced transfection efficiency of PEGylated polyplexes
observed in vitro, we performed an in vivo screen with PACE-PEG
content ranging from 0% (no PACE-PEG) to 100% (no PACE-E14)
(table S2). To begin optimizing PACE polyplexes for in vivo lung
protein expression, we used intratracheal instillation (IT), an ad-
ministration method that allows for consistent, rapid, and dose-
controlled delivery throughout mouse lungs (28-30).

We administered 5 pg of firefly luciferase (FLuc) mRNA to mice
encapsulated in either PACE polyplexes with varying PEG content
or commercially available in vivo transfection agents, JetPEI and
GenVoy-ILM (ionizable lipid mix), to assess pulmonary transfec-
tion efficiency using a readout of luminescence. At 24 hours, poly-
plexes formulated with PACE-E14 and 10% PACE-PEG
significantly (P < 0.0001) outperformed jetPEI and GenVoy-ILM
formulations (Fig. 2A and fig. S8A). For PACE-E14 polyplexes, lu-
minescent signal was observed to increase with increasing PACE-
PEG content up to 10% PACE-PEG by weight. PACE-PEG
content higher than 10% had a progressively inhibitory effect on
protein expression, with no luminescent signal observed after deliv-
ery of polyplexes made entirely from PACE-PEG (100%) (Fig. 2A).
Both PACE-E14 polyplexes (10% PACE-PEG) and GenVoy-ILM
particles encapsulating 5 pg of FLuc mRNA were further evaluated
for basic biocompatibility by monitoring animal weight for evi-
dence of weight loss and harvesting bronchoalveolar lavage fluid
(BALF) at day 14 after delivery. No significant (P = 0.6664) differ-
ences in animal weights were observed at any time after delivery
compared to control sodium acetate (NaAc) buffer—treated
animals (fig. S8B), nor was there evidence of sustained recruitment
of immune cells to the lung as measured by the white blood cell
(WBC) count in the BALF at day 14 for either treatment group
(fig. S8C).

We confirmed these results by In Vivo Imaging System (IVIS)
imaging, where we observed the highest luminescent signal using
10% PACE-PEG polyplexes (Fig. 2B). We also tracked the lumines-
cent signal after a single delivery over time to see whether PEGyla-
tion altered the kinetics of mRNA delivery (fig. S9). Luciferase
expression was highest at 6 and 24 hours, which is consistent with
previous reports of mRNA expression in the lung (10, 31). These
results demonstrate that low amounts of vehicle PEGylation can
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improve delivery and translation of mRNA, which is consistent
with our previous report of mRNA delivery with PACE polyplexes
that were not end group—modified (17); however, here, we report
higher transfection rates, more than 100-fold higher by lumines-
cence, demonstrating the benefit of using end group—modified
(E14) PACE.

Next, we performed IVIS imaging of explanted organs (lungs,
spleen, liver, kidneys, and heart), which confirmed that IT delivery
results in luciferase expression entirely localized in the lungs, with
no observable luminescence coming from other organs (Fig. 2C).
High luminescent signal was achieved in both left and right lobes
of the lung. Using Cy5-labeled mRNA to assess the distribution
of IT-delivered PACE-mRNA polyplexes (E14 with 10% PACE-
PEG) within the pulmonary architecture, we found PACE-mRNA
throughout the large airways and into the alveolar regions of the
lung parenchyma (Fig. 2D). We confirmed that our polyplexes
could also be delivered by intranasal instillation to achieve high
protein expression throughout the lung. We found that both IT
and intranasal administration achieve substantial protein expres-
sion in all five lung lobes. Whole-mouse imaging demonstrated
that intranasal administration resulted in modest luminescent
signal in the nasopharynx compared with IT delivery (fig. S10).

Although we had found that E14-modified PACE led to optimal
in vitro epithelial cell transfection efficiency, we wondered whether
this would hold in vivo. To test the in vivo efficacy of NPs formed
from different end group—modified versions of PACE, we per-
formed an additional screen with all 10 end group—modified
PACE polymers (Fig. 1A) and a fixed PACE-PEG content of 10%
by weight (Fig. 2E). No measurable luminescent signal was observed
after administration of 5 ug of naked mRNA in buffer or with poly-
plexes produced using the base polymer that did not have a conju-
gated end group. All end group—modified PACE-mRNA polyplexes
achieved mRNA expression above control except for E32. We found
that E14 remained the top-performing end group for transfection in
the lung, consistent with our preliminary cell culture-based screen.
However, several other end groups also achieved high protein ex-
pression. E27 was identified as a second promising end group for
PACE-mRNA polyplexes. We further quantified the amount of lu-
ciferase protein per gram of total protein in samples extracted from
homogenized lungs by comparing with a standard curve of lumi-
nescence with recombinant FLuc protein. Quantification of the
two formulations with highest mRNA transfection (E14 and E27
with 10% PACE-PEG) each contained more than 1000 ng of FLuc
per gram of protein in the lung (Fig. 2F).

PACE-mRNA polyplexes transfect epithelial cells and
antigen-presenting cells in the lung

Having identified two end group—modified PACE polymers (E14
and E27) and the optimal PACE-PEG concentration (10%) for
achieving high transfection targeted to the lung, we next character-
ized cell-type—specific mRNA expression in the lung using Ail4
tdTomato reporter mice. Ail4 mice have a loxP-flanked STOP cas-
sette upstream of a tdTomato gene, which can be excised by Cre-
mediated recombination, enabling tdTomato expression in the
cell (Fig. 3A). After IT instillation of 10 pg of Cre mRNA in
PACE-mRNA polyplexes (E14 with 10% PACE-PEG), 9.97% (SD
of 2.32) of all cells in the lung and 28.8% (SD of 12.8) of cells in
the BALF expressed tdTomato (Fig. 3B). We further evaluated the
lungs to identify endothelial (CD31"), epithelial (EpCAM™), and
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Fig. 2. IT mRNA delivery with
PACE-mRNA polyplexes drives
protein expression and mRNA
distribution throughout the
airways and parenchyma. (A)
Luciferase protein expression was
measured in lung tissue after de-
livery of 5 pug of FLuc mRNA with
PEGylated PACE-E14 and in vivo-
jetPEl. RLU, relative light units. (B
and C) Representative luciferase
expression by IVIS 24 hours after IT
delivery of PACE-E14 10% PACE-
PEG FLuc mRNA polyplexes in
animals (B) and in explanted
organs (C). Average radiance units
of photons per second per square
centimeter per steradian (p/s/ ¥
cm?/sr). (D) Distribution of Cy5-
conjugated mRNA in the lung 30
min after delivery with PACE-E14
polyplexes (scale bars, 150 um). (E)
Luciferase protein expression was
measured in lung tissue after de-
livery of FLuc mRNA with poly-
plexes of various end group—
modified PACE and 10% PACE-PEG
content, untreated controls, naked
mRNA controls, and base polymer
with no end-group controls (n =3
to 5 per group). (F) Quantification
of luciferase protein extracted
from lungs 24 hours after treat-
ment with either E14 or E27 poly-
plexes with 10% PACE-PEG. Data
were analyzed by one-way ANOVA
with Tukey’s multiple compari-
sons test of log-transformed
sample mean values. Data are E
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leukocyte (CD45") subpopulations (fig. S11). Transfection was pre-
dominantly achieved in epithelial cells and leukocytes, with 21.5%
(SD of 7.32) of lung epithelial cells and 19.6% (SD of 3.47) of lung
leukocytes expressing tdTomato. Endothelial cells were not substan-
tially transfected (Fig. 3C). Of the leukocyte cells, we further evalu-
ated markers for antigen-presenting cells in lung tissue. We found
that 59.6% (SD of 9.43) of CD11c¢*CD11b* cells and 1.04% (SD of
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0.28) of CD11c¢"CD11b~ cells expressed tdTomato. Fluorescence
microscopy of lung sections demonstrated that expression of tdTo-
mato could be found primarily in cells lining the conducting airway
and throughout the alveolar regions (Fig. 3E). The localization of
fluorescence within the lung architecture is consistent with our
flow cytometry data showing that transfection occurs primarily in
epithelial cells and antigen-presenting cells. We found a similar
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Fig. 3. mRNA expression after IT PACE-mRNA delivery occurs in epithelial cells and antigen-presenting cells. (A) Schematic of Cre-mediated recombination in Ai14
mice, resulting in expression of tdTomato protein in transfected cells. (B to D) Shown are the percent of all live cells in the lung and BALF (B); endothelial, epithelial, or
leukocyte cells in the lung (C); and antigen-presenting cells (D) in the lung that expressed tdTomato 24 hours after administration of PACE-E14 polyplexes (10% PACE-PEG)
loaded with 10 pg of Cre mRNA. Data are presented as means + SD. Statistical significance was calculated by multiple unpaired t test with Holm-Sidak method. ***P <
0.001 and ****P < 0.0001. Data are pooled from two independent experiments (n = 4 to 6 per group). (E) Shown are representative images of control (untreated) and
PACE-E14 polyplex (10% PACE-PEG)-treated lungs from Ai14 mice by fluorescence microscopy [scale bars, 100 um; 4',6-diamidino-2-phenylindole (DAPI) in blue; tdTo-
mato in red].
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pattern of expression after delivery of E27 polyplexes. Epithelial cells
(16.6%, SD of 3.83) and antigen-presenting CD11c"CD11b" cells
(58.2%, SD of 7.34) were most highly transfected. However, total
lung cell transfection was slightly reduced (7.37%, SD of 2.69)
(fig. S12).

Many therapeutic applications can be envisioned for targeted
mRNA delivery to epithelial cells or antigen-presenting cells. To
validate the translational potential of our formulation, we needed
to assess the in vivo biocompatibility of polyplexes in the lung.
We compared a PACE-mRNA formulation (E14 with 10% PACE-
PEG) with buffer-only—treated animals over 14 days. There was no
significant (P = 0.8637) increase in the leukocyte count in BALF at
14 days after treatment, demonstrating that there is no sustained re-
cruitment of immune cells to the lung (fig. S13A). Mice that re-
ceived PACE polyplex treatment appeared to exhibit transient
weight loss in the first 2 days after treatment but regained that
loss within 7 days and then continued to gain weight at a rate com-
parable to the control group (fig. S13B); however, in a repeat exper-
iment with the same vehicle concentration, PACE polyplex—treated
animals did not lose weight (fig. S8B). Serum chemistry measure-
ments demonstrated that there was no elevation in liver enzymes
or changes in kidney function at 14 days after treatment (fig. S13,
C and D). To further evaluate the acute reaction to PACE polyplex
delivery in the lungs, we harvested lungs at 48 hours after treatment.
Analysis was performed by a pathologist blinded to the treatment
group. Histology of treated lungs showed no evidence of necrosis
or other acute airway epithelial change. Some focal areas with
mild neutrophilic infiltrate were observed only in the terminal
airways in the treatment group (fig. S14). Although this mild focal
recruitment of leukocytes observed at 48 hours may be correlated
with the initial weight loss, the combination of results including
the BALF cell count, normalization of weight gain, and serum
chemistries at 14 days supports the overall tolerability of polyplexes
for further evaluation with therapeutic mRNAs.

Intranasal PACE-mRNA vaccination induces antigen-specific
B and T cell immune responses in the MLN

Next, we sought to assess whether our top-performing PACE-
mRNA polyplex (E14 with 10% PACE-PEG) could be applied ther-
apeutically as a mucosal vaccine. We encapsulated mRNA encoding
the spike protein from SARS-CoV-2 into PACE-mRNA polyplexes.
We chose a mouse model, K18-hACE2 mice, which express hACE2
(the entry receptor for SARS-CoV-2) from the mouse cytokeratin 18
promoter. K18-hACE2 mice are commonly used in preclinical
studies because of their susceptibility to infection and severe pulmo-
nary disease after SARS-CoV-2 viral challenge (32). For initial
vaccine testing, we used a prime and boost vaccination strategy, in
which mice received a 10-ug dose of PACE-mRNA delivered intra-
nasally on days 0 and 28. This administration technique (33, 34) and
prime-boost dosing strategy are the most commonly used for pre-
clinical mucosal vaccination studies.

On day 42 (14 days after boost), we assessed the development of
adaptive immunity against the spike protein in the lung-draining
lymph node, the mediastinal lymph node (MLN) (Fig. 4A). We as-
sessed the MLN by flow cytometry for the development of germinal
center responses with antigen-specific memory and effector B cells
and CD8" T cells, the critical mediators of durable adaptive immu-
nity in the lung (35-37). We found that PACE-mRNA vaccination
increased the size and cellularity of the MLNs (table S4). We stained
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with a major histocompatibility complex (MHC) class I tetramer to
a SARS-CoV-2 spike protein epitope (VNFNFNGL, 539-546) for
identification of spike protein—specific T cells and stained B cells
with a receptor binding domain (RBD) B cell tetramer. PACE-
mRNA vaccination induced an increase in the population of spike
protein—specific CD8" T cells (Fig. 4B) and T follicular helper (Tgyy)
cells in the MLNs (Fig. 4C). Tgy cells promote affinity maturation
and class switch recombination in B cells and critically orchestrate
the development of neutralizing antibody responses (38). Parenter-
ally administered mRNA vaccines elicit Try and germinal center B
cells, which strongly correlate with neutralizing antibody produc-
tion (39, 40). Correspondingly, we observed an expansion of
RBD-specific B cells (CD19"B220" Tetramer™), class-switched B
cells expressing immunoglobulin A (IgA) and IgG (CD19"B220"
IgD IgM"), activated germinal center B cells (CD19"B220"GL7"),
and ASCs (CD138") in the MLNs (Fig. 4, D to I). These results dem-
onstrated that PACE-mRNA vaccination induces antigen-specific T
and B cell responses in the draining lymph node after mucosal de-
livery. Furthermore, RBD-specific B cells expressed memory
markers, suggesting the potential for the efficacy and durability of
the adaptive immune response after PACE-mRNA vaccination.

Intranasal PACE-mRNA vaccination elicits tissue-resident
and circulating immunity that protects against SARS-CoV-2
viral challenge

Having demonstrated that PACE-mRNA mucosal vaccination ef-
fectively induces an adaptive immune response in the local MLN,
we next assessed lung tissues, sera, and BALF for local and systemic
antigen-specific T cells and antibodies 14 days after boost (Fig. 5A).
We used intravenous (IV) labeling of CD45 to differentiate between
circulating and tissue-infiltrating immune cells. Consistent with our
findings in the MLNs, we found that vaccination increased the
number of spike protein—specific CD8" T cells in the lung paren-
chyma (IV™) (Fig. 5B). Spike protein—specific CD8" T cells ex-
pressed tissue-resident memory (Tgry;) surface markers, CD69"
and CD103" (Fig. 5, C and D). We also found significant (P =
0.0249) increases in systemic circulating antigen—specific CD8" T
cells harvested from the lungs (IV'Tetramer CD8") (Fig. 5E).
These results demonstrate that vaccination elicited both a lung-res-
ident and a circulating CD8" T cell response. We assessed sera and
BALF for anti-SARS-CoV-2 spike S1 IgG and IgA to determine
whether mucosal vaccination induced humoral immunity. We
found that both circulating (sera) and mucosal (BALF) IgG anti-
bodies were found at significantly (P = 0.0286) higher concentra-
tions (Fig. 5, F and G), but IgA was not (fig. S15).

Last, we assessed whether the cellular and humoral immune re-
sponse generated by PACE-mRNA vaccination would effectively
neutralize SARS-CoV-2 and confer protective immunity to mice.
We challenged naive and PACE-mRNA-vaccinated K18-hACE2
mice with a lethal dose of SARS-CoV-2 isolate hCOV-19/USA-
WA1/2020 [6 x 10° plaque-forming units (PFU)] 4 weeks after
boost delivery (Fig. 5A). We harvested lungs at 3 days postinfection
(DPI) and measured the infectious viral load in the lung tissue by
plaque assay to determine whether vaccination successfully reduced
the viral burden. We found that PACE-mRNA vaccination signifi-
cantly (P = 0.0002) reduced the viral burden in the lungs of treated
animals (Fig. 5H). Likewise, weight loss and survival in vaccinated
mice were both improved (Fig. 5, I to K). To further confirm that the
protection observed in this vaccination model was due to spike

7 of 14

€202 /2 J8g0100 UO 100y UuyY ueBIyoi Jo AlSIBAIUN Te BI0'8oUS 195" MMM//SONY WO} pepeo lumod



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A

Prime Boost =3 Naive
A 10 pg PACE-mRNA 10 ug PACE-mRNA B3 PACE-mRNA
v
| | ”
Day 28 Day 42
K18-hACE2 MLN (B to I) collection
B C D E
Tetramer+CD8+ T cells CXCR5*PD1* Tgy, cells Tetramer* B cells IgD"IgM~ CS B cells
% %k
%k ok %k
%%k [ 6 I 1
104__ I_l 10 5_. 10 ; % %k 10 ) s
1 1 A 4] 10
] ] . 104 Apa l%t
L X34 * = 2 104 AA
3 1035 31044 e S 1034 2 g
s 1]|e A g ] 4a e ' 2103 e
3] ° 5] atrs 3 102 A %
] 2] o 3] .. ] ] A @ 10 2
2 1024 21034 | 9 g S 2
< : < ] 10 E 101
101 : l 102 : : 100 T 100 T T
Qo «&&P o «\?\\AP o N\ W ™
QP‘C‘@ QP*G% ?Pg’?' ?p@?’
F G H |
IgA* memory B cells IgG* memory B cells GL7* GC B cells CD138* ASC
%k 3k %k *k * %k Xk
1054 1 106+ kit 105- kK% k
10 Aybes 109+ A 1044 A
* A s i 104+ i |
3 1034 b b 3 3 ] . 3 103 AA
2 7 2 2 103< A e A
2102 |9 3 3.0] | o® 3 1025
21 |e® 2 g102q | @ g7
< 101_: < oy < 101_:
100 . . 100 . . 100 . .
) @ @
o N o P o ™
a a K
oF s s

Fig. 4. Intranasal PACE-mRNA vaccination induces antigen-specific T and B cell responses in the draining lymph node. (A) Schematic of PACE-mRNA vaccination in
K18-hACE2 mice. Mice were primed (day 0) and boosted (day 28) with a 10-pg dose of spike protein—encoding mRNA encapsulated in PACE-E14 polyplexes with 10%
PACE-PEG (n = 10 to 12 mice per cohort). MLNs were harvested on day 42 for analysis. (B) Quantification of extravascular (IV") SARS-CoV-2 spike protein—specific
(Tetramer®) CD8" T cells in MLNs. (C€) Quantification of extravascular (IV™) CXCR5"PD1* Tgy cells in MLNs. (D to 1) Quantification of various extravascular B cell
subsets, including RBD tetramer-binding B cells (Tetramer™ B cells) (D), class-switched B cells (IgD"IgM~ CS B cells) (E), IgA* memory B cells (F), lgG* memory B cells
(G), activated germinal center B cells (GL7* GC B cells) (H), and antibody-secreting cells in MLNs (CD138"* ASC) (). Data are presented as means + SEM. Statistical signifi-
cance was calculated by Mann-Whitney test. **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data are pooled from two independent experiments.
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Fig. 5. Intranasal PACE-mRNA vac-
cination induces protective cellu-
lar and humoral immunity. (A)
Schematic of PACE-mRNA vaccina-
tion in K18-hACE2 mice. Mice were
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protein—specific immunity rather than a general response to the de-
livery vehicle, we assessed serum spike protein—specific IgG, viral
titers, weight loss, and survival in two additional groups: a vehicle
control group that received a prime (day 0) and boost (day 28) with
10 pg of PACE-mRNA (E14 with 10% PACE-PEG) encapsulating
FLuc mRNA and a reduced dose vaccination group that received
a prime (day 0) and boost (day 28) with 1 ug of PACE-mRNA
(E14 with 10% PACE-PEG) encapsulating spike protein-encoding
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mRNA. We found that the vehicle control group had no evidence of
an anti-spike protein immune response demonstrated by the
absence of anti-S1 IgG in serum measured by enzyme-linked im-
munosorbent assay, absence of viral titer reduction in lung tissue
harvested 3 DPI, and no improvement in weight loss or survival
compared to naive mice after lethal viral challenge. The 1-ug
PACE-mRNA vaccination group demonstrated induction of immu-
nity compared with naive and vehicle control as demonstrated by
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increased serum anti-S1 IgG concentrations and significantly (P =
0.0036) reduced viral load in tissues at 3 DPI (fig. S16).

DISCUSSION

We have demonstrated that PACE polymer formulations can be op-
timized and applied for local mRNA delivery to the lung. We used a
screening method for optimizing polyplexes, a strategy that has pre-
viously been used for lipopolyplex (26) and LNP (41-44) optimiza-
tion. LNP optimization often requires screening varying ratios of
four component variables, generating large and unwieldy chemical
spaces. Our polyplexes required only two components that facilitat-
ed screening efficiency. We showed that a relatively simple polyplex
design containing 90% end group—modified PACE (PACE-E14)
and 10% PACE-PEG complexed with mRNA to form small and
stable polyplexes that protected mRNA from enzymatic degradation
and achieved high in vivo transfection efficiency.

By calculating the PEG surface density, we gained insight into
how PEG surface density can affect the polyplex structure and
mRNA delivery. In general, high PEG density on NPs, achieved
by coating the NPs with densely packed linear PEG chains in
brush conformation, is desirable to reduce affinity to mucin and
enhance mucus-penetrating properties for delivery to the lungs
(45). We determined that the change in PEG conformation from
mushroom to brush conformation occurs around 25% PACE-
PEG (or about 10 weight % PEG), which corresponds to an Rp/D
value greater than 0.5. At Rg/D greater than 0.5, polyplexes are
shielded by a thicker hydrophilic barrier of elongated PEG chains
reorganized because of space constraints. Steric repulsion of a
PEG shell in the brush conformation decreases the potential for
direct interaction between the cell membrane and the cationic
core material, such as the amine end groups on PACE-E14. This
may explain the inflection in transfection efficiency observed in
vivo with increasing PACE-PEG content beyond 10%. Reduction
in transfection with increased PEG density is consistent with previ-
ous studies demonstrating that increasing PEG surface coverage can
interfere with cellular uptake in vivo (17, 24). These results suggest
that a degree of PEG coating on a polymeric vehicle can be benefi-
cial for mucosal delivery, but high PEG density results in PEG con-
formational changes, which can interfere with transfection.

Previous work in both polymer (46—48) and lipid (49, 50) design
has demonstrated that amine-containing end groups can increase
mRNA expression or particle targeting to the lung. Our screen iden-
tified several amine-containing end groups that increased expres-
sion in the lung. The top-performing end groups in our screen
(E14 and E27) were not the same end groups that transfected
most efficiently after IV administration of unPEGylated PACE-
mRNA polyplexes (16), supporting the need for compartment-spe-
cific optimization of delivery vehicles.

Our optimized PACE polyplexes facilitated mRNA transfection
into epithelial cells. Ease of epithelial cell targeting is a primary ad-
vantage of inhaled delivery strategies (31). Protein replacement
therapy by mRNA delivery to epithelial cells is therapeutically rele-
vant for diseases such as CF (51, 52), asthma (53), surfactant B
protein deficiency (54), and alpha-1-antitrypsin deficiency (55).
Our epithelial transfection rate of greater than 20% after a single
dose suggests that protein expression will be therapeutically rele-
vant; prior research has shown that, for disease mitigation, only a
fraction of lung cells in CF need to express CFTR. For example,
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17 to 28% of cells expressing CFTR in a porcine lung model restored
50% of normal CFTR function, an amount consistent with amelio-
ration of symptoms (56). Previous attempts to deliver inhaled
mRNA in preclinical models (57, 58) have achieved moderate
success in disease treatment, demonstrating both a proof of
concept for mRNA as a therapeutic and the need for further inno-
vation. The epithelial protein expression and the tolerability of re-
peated doses of the PACE vehicles described here support further
investigation for protein supplementation applications in the lung.

Vaccination has been a long-standing and heavily researched ap-
plication for mRNA therapeutics. The unprecedented success of
SARS-CoV-2 mRNA vaccines—in terms of efficacy, speed of devel-
opment, and Food and Drug Administration approval—has estab-
lished the translational potential of mRNA vaccines. However, new
viral variants and waning immunity over time have necessitated the
development of vaccine boosters and new treatment modalities (59—
64). Current mRNA vaccination strategies are focused on eliciting
systemic immunity, primarily through the induction of IgG anti-
bodies in serum and circulating antigen—specific T cells (65, 66).
However, growing evidence supports the potential superior effec-
tiveness of vaccines that are delivered directly to the respiratory
tract to combat respiratory viruses (33, 67). The respiratory tract
is the site of invasion and the primary site of replication and
disease manifestation for SARS-CoV-2 and other respiratory path-
ogens. By recruiting adaptive immune responses to the respiratory
tract, mucosal vaccines could improve protective immunity and
reduce viral transmission, potentially stopping infection earlier in
its course (68, 69). Several studies investigating viral vector- and
protein-based vaccines have demonstrated that superior mucosal
immunity can be achieved through direct antigen presentation
across the mucosal surface of the lung (33, 34, 70, 71). We applied
our PACE-mRNA system to create an intranasal vaccine capable of
eliciting de novo immunity in mice.

The first steps in developing immunity after mRNA vaccination
are antigen protein expression, processing, and presentation by
antigen-presenting cells to educate and activate B cells and T cells
in the lymph nodes. We showed that a population of lung antigen-
presenting cells expressed protein after PACE-mRNA delivery to
the lungs in a tdTomato reporter model. Correspondingly, we
found that PACE-mRNA vaccination resulted in activation of
CD8 T cells, Tgy cells, and various B cell subtypes in the MLN, sug-
gesting migration of antigen-presenting cells from the lung to
the MLN.

Although class-switched, IgA" memory, and IgG" memory B
cells were both increased in the MLN compared with the naive
group, this did not correspond with IgA secretion in BALF of the
vaccinated animals. These results suggest that the PACE-mRNA
vaccine formulation or dosing could be further optimized to
improve the mucosally secreted antibody response. The presence
of populations of IgA"™ memory B cells in the MLN but the
absence of IgA secretion in mucus indicates that an additional
signal may be required to effectively recruit existing B cells to the
lung and stimulate antibody secretion into the respiratory lumen
(72). Despite the absence of secreted IgA, vaccinated animals did
have increased antigen-specific IgG in BALF, demonstrating that
this mucosal vaccine leads to the induction of antibodies within
the mucosa. Another primary goal of mucosal vaccination is the in-
duction of lung-resident memory CD8" T cells. These cells occupy
the parenchyma of the lung for long periods of time and can
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monitor for and quickly respond to viral infection (73). PACE-
mRNA vaccination resulted in induction of an antigen-specific,
lung-localized Tgyy population. Currently available intramuscularly
administered vaccines induce circulating memory T cells, but not
lung-resident, spike protein—specific Try; responses (35, 74), high-
lighting an advantage of our mucosal PACE-mRNA delivery strat-
egy. Although inhaled mRNA has been investigated for
prophylactic therapeutics or decoy treatments to fight SARS-CoV-
2 (48, 75-78), this work is important because it describes de novo
induction of protective immunity against SARS-CoV-2 with intra-
nasal delivery of a nonviral vector mRNA vaccine.

Our study has limitations. We used a limited number of animals
per group, and differences in some parameters, such as WBC count
and related immune responses, will likely be more apparent with
inclusion of more animals. Furthermore, we studied responses
only in mice, and it will be necessary to repeat this study in larger
animal models. We used intranasal and intratracheal delivery,
which are well-established methods for administration in mice,
but there is a need to explore alternate delivery mechanisms, such
as those provided by mucosal atomization or nebulization devices.

In summary, PACE-mRNA polyplexes can be formulated with
blends of end group—modified PACE and PACE-PEG to form
small, consistent, and stable polyplexes. PACE polyplexes demon-
strated favorable tolerability and protected mRNA from degradative
enzymes. PEG content can improve polyplex characteristics;
however, dense PEG shells can interfere with transfection efficiency.
Therefore, PEG content was optimized for lung-specific delivery.
Inhaled PACE-mRNA administration achieved high protein expres-
sion and effective lung targeting. Transfection occurred primarily in
lung epithelial cells and antigen-presenting cells, two cell types that
are relevant targets for pulmonary diseases. Last, mucosal vaccina-
tion with PACE-mRNA induced systemic and lung-resident adap-
tive immunity and protected mice from a lethal SARS-CoV-2
challenge. Together, these results highlight the potential of PACE-
mRNA polyplexes as a method to deliver mRNAs to the lung.

MATERIALS AND METHODS

Study design

The objective of this study was to optimize a polymer-based mRNA
delivery vehicle for delivery to the lungs and to provide a proof of
concept for the translational potential of our vehicle as a platform
for mucosal vaccination against a respiratory pathogen. We opti-
mized PACE-mRNA by formulating various PACE-mRNA poly-
plexes with blends of different PACE polymers and screening for
luminescent signal in the lungs after intratracheal delivery of
PACE-mRNA encoding FLuc. We evaluated the efficacy of our
vehicle as a mucosal vaccine by delivering spike protein encoding
mRNA and analyzing lung tissues, MLNs, and sera for spike-specif-
ic cellular and humoral immunity. We also assessed for functional
immunity by challenging mice with SARS-CoV-2 and assessing
viral neutralization in the lungs, weight loss, and survival. For con-
trols, in studies evaluating for luminescent signal in the lung, we
compared PACE-mRNA treatment with untreated, naked mRNA
and two commercially available nonviral mRNA transfection
agents, JetPEI and Genvoy-ILM. For vaccination group controls,
we compared PACE-mRNA-vaccinated mice with untreated naive
mice and mice treated with a vehicle control that encapsulated a
nonantigenic mRNA sequence, FLuc mRNA. All animal

Suberi et al., Sci. Transl. Med. 15, eabq0603 (2023) 16 August 2023

experiments were performed in accordance with the protocols ap-
proved by the Institutional Animal Care and Use Committees of
Yale University. Age- and sex-matched animals were randomly as-
signed to treatment or control groups for each experiment. No stat-
istical methods were used to predetermine sample sizes. Sample
sizes were empirically determined on the basis of previously pub-
lished work and to ensure sufficient statistical power. Investigators
were not blinded to experimental groups because measurements
were not subjective except for histologic analysis and viral titer ex-
periments. Data collection was performed with investigators
blinded to the experimental group while counting viral plaques.
For histology, slides were evaluated by a pathologist blinded to
the experimental group. No data were excluded from analysis or
corresponding figures. Data including sample sizes, experimental
replicates, and statistics are provided in data files S1 and S2 and
in the corresponding figures and legends.

Statistical analysis

All raw, individual-level data for experiments where n < 20 are pre-
sented in data file S1 for Figs. 1 to 5 and data file S2 for the supple-
mentary figures. Results were analyzed using GraphPad Prism
(version 9.2.0 for Windows). Data are presented as indicated in
the figure legends as either means + SD or means + SEM.
Figure legends indicate the type of analysis performed for each ex-
periment. Values were considered significantly different at P < 0.05.
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