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Therapeutic antibodies that block vascular endothe-  In situ production of anti-VEGF antibody for lung cancer
lial growth factor (VEGF) show clinical benefits in treating treatment through mRNA-loaded hybrid nanoparticles
nonsmall cell lung cancers (NSCLCs) by inhibiting tumor - ) O*\' VEGF secretion
angiogenesis. Nonetheless, the therapeutic effects of systemically | |yt P .from lung tumor
administered anti-VEGF antibodies are often hindered in NSCLCs | mRNA \ S« Angiogenesis
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because of their limited distribution in the lungs and their adverse | ! ;

effects on normal tissues. These challenges can be overcome by | . ‘ ' mBhaA-darvid § =y 28

. I } . . > i % bevacizumab v\ VEGFR
delivering therapeutic antibodies in their mRNA form to lung | anA-oaded NPs || Y |secreton ! &
endothelial cells, a primary target of VEGF-mediated pulmonary |targeting pulmonary . ! S .

angiogenesis, to suppress the NSCLCs. In this study, we i__‘_g_"_c_"f’_“_‘_e_”_?'__c?_"_s___ :
synthesized derivatives of poly(ff-amino esters) (PBAEs) and Intravenous injection Transfecting lung endothelial cells
prepared nanoparticles to encapsulate the synthetic mRNA

encoding bevacizumab, an anti-VEGF antibody used in the clinic. Optimization of nanoparticle formulations resulted in a
selective lung transfection after intravenous administration. Notably, the optimized PBAE nanoparticles were distributed in
lung endothelial cells, resulting in the secretion of bevacizumab. We analyzed the protein corona on the lung- and spleen-
targeting nanoparticles using proteomics and found distinctive features potentially contributing to their organ-selectivity.
Lastly, bevacizumab mRNA delivered by the lung-targeting PBAE nanoparticles more significantly inhibited tumor
proliferation and angiogenesis than recombinant bevacizumab protein in orthotopic NSCLC mouse models, supporting the
therapeutic potential of bevacizumab mRNA therapy and its selective delivery through lung-targeting nanoparticles. Our
proof-of-principle results highlight the clinical benefits of nanoparticle-mediated mRNA therapy in anticancer antibody
treatment in preclinical models.
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some have shown efficacy in inhibiting tumor growth.
Bevacizumab (Avastin, Roche) is the anti-VEGF antibody
approved by the U.S. FDA in 2004 for cancer treatment. Its
current applications include colorectal, ovarian, and nonsmall-
cell lung cancers (NSCLCs)." Despite its excellent tumor-
suppressing efficacy, its distribution is often limited to the
vascular and interstitial spaces, diminishing its clinical benefits in
other organs and tissues.” A study revealed that approximately

Tumor angiogenesis, the rapid proliferation of new blood
vessels, plays a vital role in tumor growth, invasion, and
metastasis. The microenvironment of growing solid tumors is
deprived of oxygen and nutrients, resulting in metabolic
transformation and the expression of glycolysis-related proteins
and epithelial-mesenchymal transition."”” Such tumor reprog-
ramming also involves various vascular endothelial-derived
growth factor (VEGF) pathways, which are key mediators of

vascularization, such as the upregulation of VEGF or its receptor December 25, 2023
expression.” Although VEGF is responsible for physiological February 23, 2024
development and homeostasis, its implications in tumor March 4, 2024
pathogenesis are primarily associated with its influence on March 7, 2024
vascular permeability and neoangiogenesis. Diverse strategies

have been explored to block VEGF pathways in tumors, and
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Figure 1. (a) Schematic illustration of the hypothetical mechanism of action of PBAE NP-delivered bevacizumab mRNA therapy in the
treatment of NSCLCs. The mRNA transcripts encoding bevacizamab’s heavy and light chains were synthesized and encapsulated in the PBAE
NPs. The NPs were intravenously administered and selectively distributed to the PECs. mRNA transfection led to the production and secretion
of bevacizumab antibody in the lungs, and the antibody stopped the lung tumor-derived VEGF from binding to VEGF receptors, inhibiting
tumor angiogenesis (created by BioRender). (b) Library of PBAE polymers synthesized and used in this study.

1% of the radiolabeled bevacizumab reached the human lungs
following systemic administration, suggesting the limited
biodistribution to the tumors.’ Because healthy tissues require
VEGEF for homeostasis and vascular development, bevacizumab-
mediated VEGF inhibition in normal tissues can cause
endothelial cell dysfunction or the regression of fenestrated
capillaries.” Therefore, unmet needs exist to inhibit tumor-
selective VEGF and suppress tumor angiogenesis.

The recent success of mRNA vaccines in the clinic has given
rise to much interest in using mRNA for treatment.”” Several
preclinical studies showed the potential of anticancer mRNA
therapy by expressing tumor antigens,'” CD40,"" 0X40,'* or
interleukin-12."* Especially, because of mRNA’s capability of

producing virtually any protein, it has drawn attention to the
development of therapeutic antibodies for cancer treatment.'*
Using mRNA as a platform for monoclonal antibody delivery
uses transfected cells to produce therapeutic antibodies. This is
attractive because of the straightforward, low-cost, and scalable
characteristics of mRNA therapeutics. Therefore, bevacizumab-
encoded mRNA could be a great alternative to the bevacizumab
protein. In addition, using target-specific nanoparticles (NPs),
bevacizumab mRNA can be selectively delivered to targeted
tumor tissues, improving the bioavailability of the antibody,
blocking VEGF, and inhibiting tumor angiogenesis. In NSCLCs,
pulmonary endothelial cells (PECs) are the primary cellular
targets of VEGF for angiogenesis.15 Therefore, we hypothesized
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Figure 2. Characterization of physicochemical properties and in vitro mRNA delivery of PBAE NPs. (a) Schematic diagram of a mRNA-loaded
PBAE NP. (b, c) Physicochemical properties of various PBAE-based NPs encapsulating FLuc mRNA: (b) particle size, polydispersity index
(PDI), and (c) zeta potential. (d) Representative TEM images of various PBAE NPs encapsulating FLuc mRNA: PBAE-B (left), PBAE-C
(middle), and PBAE-D (right). Scale bars indicate 100 nm. (e) Determination of apparent pK, of various PBAE NPs encapsulating FLuc mRNA.
An inset shows the calculated apparent pK, values of the NPs. (f) FLuc mRNA encapsulation (%) of various PBAE NPs. (g) Cell viability of
HeLa cells exposed to PBS or PBAE NP treatments. Data are represented as mean + standard deviation (n = 4). Statistical analysis was
performed using one-way ANOVA with Tukey’s multiple comparisons test, ns, not significant; **#p < 0.001 (h) Cy$ histograms of the cells

8394 https://doi.org/10.1021/acsnano.3¢13039
ACS Nano 2024, 18, 8392—-8410


https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c13039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

Figure 2. continued

treated with PBS, naked mRNA, or various mRNA-loaded PBAE NPs. (i) Cellular uptake of naked mRNA and various mRNA-loaded PBAE
NPs. Data are represented as mean + standard deviation (n = 3). Statistical analysis was performed using one-way ANOVA with Tukey’s
multiple comparisons test, ns, not significant; ***¥p < 0.0001; (j) Confocal images of HeLa-Gal8-GFP cells treated with (left to right) PBS,
naked mRNA, mRNA-loaded PBAE-B, PBAE-C, or PBAE-D based NPs. Nuclei (blue) were counterstained. (k) In vitro luciferase expression
after PBAE NP-mediated FLuc mRNA delivery in HeLa (left), Hep G2 (middle), and A549 (right) cells in the presence (red) or absence (gray)

of FBS.

that PEC-selective mRNA delivery for bevacizumab production
could efficiently inhibit VEGF-mediated angiogenesis and
suppress tumor growth (Figure la). Poly(f-amino esters)
(PBAEs) are cationic, biodegradable polymers capable of
delivering nucleic acids to the inside of cells in wvivo.'®
Additionally, when combined with bioactive lipids, they
preferentially transfect the lungs following systemic admin-
istration.'”"” Taking advantage of the intrinsic lung-targeting
properties of PBAE, we synthesized a small library of PBAE
derivatives and optimized the formulation of PBAE-lipid hybrid
NPs for lung-selective mRNA delivery (Figure 1a). Our results
suggest that mRNA-based therapeutic antibody delivery could
be a promising alternative for effectively inhibiting lung
angiogenesis at the site of vascularization and eradicating
NSCLCs.

RESULTS AND DISCUSSION

We chose PBAE NPs as the delivery vectors of mRNA to the
pulmonary system. First, a small library of PBAEs was
synthesized via Michael addition using bisphenol A glycerolate
diacrylate, hydrophilic amines (B, C, or D), and dodecylamine.
The polymers were then end-capped with monomer 1,3-
diaminopropane, resulting in PBAE-B, -C, and -D (Figure 1b).
"H NMR was used to characterize the PBAE polymers (Figures
S1-S83). The aromatic protons of the diacrylate were observed
at 6.80 and 7.10 ppm. The disappearance of diacrylate proton
signals at 5.36, 5.96, 6.20, and 6.23 ppm indicated polymer-
ization by aza-Michael addition (Figures S1—S4).

Using these PBAE polymers, we prepared PBAE-lipid hybrid
NPs containing dioleoylphosphatidylethanolamine (DOPE)
and DMG-PEG,; for mRNA delivery. PBAE polymers and
lipids were dissolved in ethanol in a predetermined ratio
(PBAE:DOPE:DMG-PEG, = 45:3:2.75, w/w), and mRNA
was prepared in an acidic aqueous phase. The vigorous mixing of
the two phases led to the self-assembly of PBAE-lipid hybrid
NPs containing mRNA (Figure 2a). All three PBAE NPs were
100—200 nm in hydrodynamic diameter with narrow distribu-
tions (polydispersity indexes (PDI) < 0.2; Figure 2b). Their zeta
potentials ranged from 1 to 10 mV, suggesting a neutral surface
charge on the PBAE NPs (Figure 2c). The morphology of the
PBAE NPs was further characterized using transmission electron
microscopy (TEM). TEM imaging revealed that the PBAE NPs
were spherical in shape and 100—200 nm in size (Figure 2d). To
determine the apparent pK, of PBAE NPs, 2-(p-toluidino)-6-
naphthalene sulfonic acid (TNS) assays were performed. The
fluorescence intensity of TNS from the PBAE NPs showed
sigmoidal curves in response to varying pH conditions, and the
apparent pK, values of the NPs containing PBAE-B, -C, and -D
were 8.9, 8.3, and 7.08, respectively (Figure 2e), which seemed
to correlate with the zeta potentials of the NPs (Figure 2c). All
PBAE NPs showed high levels of mRNA encapsulation (>95%;
Figure 2f).

After the physicochemical properties of the PBAE NPs were
confirmed, their in vitro cytotoxicity was studied. When tested in
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HelLa cells, PBAE-B and -D NPs treatment did not decrease cell
viability, while cell viability was significantly reduced by PBAE-C
NPs treatment (Figure 2g). In the subsequent test on human
umbilical vein endothelial cells (HUVECs), PBAE-B and -C
treatment led to pronounced or mild decreases in cell viabilities,
respectively, while PBAE-D NPs did not reduce cell viability
(Figure SSa). The in vitro cellular uptake of the PBAE NPs
containing CyS-labeled mRNA was assessed by using flow
cytometry. All three PBAE NPs efficiently entered both HelLa
cells and HUVECs, while naked mRNA failed to enter (Figures
2h,i, SSb, and SSc). Next, the endosomal disruption of PBAE
NPs was studied using galectin 8 (Gal8) recruitment assays.w’20
Endosomal escape is an integral stage for NPs to achieve
intracellular delivery of nucleic acids. Treatment of Gal8-green
fluorescent protein (GFP) reporter cells with PBAE NPs led to
various levels of GFP recruitment, suggesting different
efficiencies of the NPs for endosomal escape (Figures 2j and
S6). Compared with the phosphate buffered saline (PBS)
treatment, the PBAE NP treatment increased the number of
GFP puncta in reporter cells. In particular, the NPs of PBAE-C
and PBAE-D led to GFP recruitment that was greater than that
of PBAE-B. The various levels of GFP recruitment caused by the
PBAE NP treatment may result from the different pK, values of
the NPs. PBAE-D NPs with relatively lower pK, values are more
likely to be rapidly ionized at the endosomal pH than the other
two NPs, possibly having a higher chance of disrupting the
endosomal membrane.”’ Naked mRNA treatment did not
change the level of GFP recruitment, which likely resulted from a
failed cellular entry. In vitro mRNA transfection in various cell
lines was performed, and in all of the cell lines tested (HeLa, Hep
G2, AS49, and HUVEC), the NPs containing PBAE-D showed
the highest luciferase expression among the three NPs (Figures
2k and S7). Depletion of fetal bovine serum (FBS) did not
change NP-mediated mRNA transfection in HeLa cells but
affected Hep G2 and AS549 cells. Interestingly, Hep G2 cells were
more amenable to NP-assisted mRNA delivery in the presence
of FBS, whereas A549 and HUVECs showed only moderate
increases in the level of luciferase expression when FBS was
depleted (Figure 2k). This could be because the NPs complexed
with serum proteins were processed differently, depending on
the origin of the cell lines. Based on the in vitro screening results,
PBAE-D was selected as a suitable polymer for mRNA delivery
and further optimized in the formulations.

To optimize the PBAE-D-based NP formulation, a library
with various polymer/lipid ratios (Table S1) was prepared. In
addition, two other poly(ethylene glycol) (PEG)-anchored
lipids, DMG-PEG, and DSPE-PEG, were also included. With
the PEG molarity fixed in formulations (F1—F6, Table S1), all
NPs had sizes of less than 250 nm (Figure 3a). The inclusion of
DSPE-PEG,y decreased the particle size compared to that of
DMG-PEG,g, which could result from their different lipid tail
lengths (C14:0 DMG-PEG,x and C18:0 DSPE-PEG,y). The
level of mRNA encapsulation increased proportionally with the
amount of PBAE-D in the formulations because of the number
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Figure 3. Characterization and optimization of PBAE-D-based NPs. (a, b) Physicochemical properties of PBAE-D-based formulations F1—F6
encapsulating FLuc mRNA: (a) particle size, polydispersity index (PDI) and (b) mRNA encapsulation. (c). Ex vivo bioluminescence of major
organs of BALB/c mice that received an IV injection of F1—F6 encapsulating FLuc mRNA (0.1 mg/kg). Data are represented as mean =+
standard deviation (n = 3). The difference between FLuc expression in the lungs and the spleen of each formulation was analyzed by two-way
ANOVA with Sidak’s multiple comparisons test, ns, not significant, #p < 0.05. Two-way ANOVA with Tukey’s multiple comparisons test was
used to compare FLuc expression in the lungs or spleen of various formulations, *p < 0.05, **p < 0.01; **¥p < 0.001; **¥%p < 0.0001. (d, e)
Physicochemical properties of PBAE-D based formulations F6—F9 encapsulating FLuc mRNA: (d) Particle size, polydispersity index (PDI),
and (e) mRNA encapsulation. (f) Ex vivo bioluminescence of major organs of BALB/c mice that received an IV injection of F6—F9
encapsulating FLuc mRNA (0.1 mg/kg). (g—i) Characterization of in vivo mRNA transfection by F6 NPs encapsulating FLuc mRNA in BALB/c
nude mice. (g) In vivo luciferase expression, (h) Counted total flux in the lung areas and (i) ex vivo luciferase expression in the major organs of
BALB/c nude mice that received an IV injection of F6 NPs encapsulating FLuc mRNA at dose of 0.1 or 0.5 mg mRNA/kg. Data are represented
as mean + standard deviation (n = 3).
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Figure 4. Biodistribution and PEC uptake of PBAE NPs containing Cy5-labeled mRNA. (a) CyS fluorescent images of the major organs from
BALB/c mice treated with PBS, naked CyS mRNA, F1 and F6 NPs encapsulating CyS mRNA at 4 h postinjection. (b) Normalized CyS signals in
the major organs. Data are presented as mean =+ standard deviation (n = 3). Two-tailed Student t-test, *p < 0.05, **p < 0.01. (c) Flow cytometric
analysis of the PECs uptake of CyS mRNA: naked mRNA (left) and F6 NP-delivered mRNA (right). (d) Cell type analysis of pulmonary cells
exhibiting Cy$ signals from the delivered mRNA: naked mRNA (black) and F6 NP-delivered mRNA (gray). Data are represented as mean =+

standard deviation (n = 3). Two-tailed Student’s ¢ test, **p < 0.01.

of amine groups available for mRNA complexation (Figure 3b).
When administered intravenously, PBAE NP-mediated lucifer-
ase expression was observed in the spleen and lungs, as shown
previously (Figures 3c and S8).'"® It was shown that the
increasing amount of PBAE-D in NPs seemed to produce
greater luciferase expression in vivo, especially in the lungs
(Figure 3c). In addition, the NPs having DMG-PEG, produced
greater mRNA transfection in vivo than the NPs having DSPE-
PEG,y, likely resulting from the rapid PEG shedding of DMG-
PEG,x.”” Out of six formulations, F3 and F6 showed greater
levels of mRNA transfection in vivo than the others. Although F3
produced the highest lung luciferase expression, F6 led to more
selective lung transfection than spleen transfection (Figure 3c).
Based on the lung selectivity of F6, the formulation library was
expanded to screen the effects of the amount of DSPE-PEG,g
(F6—F9, Table S1). The resulting NPs decreased in size in
response to increasing PEG content (Figure 3d), and all NPs
showed good mRNA encapsulation (>80%) (Figure 3e).
Following the systemic administration of NPs, bioluminescence
was found primarily in the lungs and marginally in the spleen
(Figures 3f and S8). Increasing PEG content in the PBAE NPs
reduced luciferase expression in vivo, possibly because the dense
PEG layer inhibited interactions with serum proteins.””
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Although changes in the amount of DSPE-PEG, resulted in a
significant change in total firefly luciferase (FLuc) expression,
the percentages of FLuc expression in the lungs were similar in
all F6—F9 formulations (Figure S9). The F9 NPs showed the
highest lung luciferase expression; however, their sizes were
larger than 200 nm. Both F6 and F8 NPs were approximately
150 nm in size and produced good and selective luciferase
expression in the lungs; however, F6 NPs encapsulated mRNA
more efficiently than F8 NPs (Figure 3d—f). Therefore, we
continued to explore therapeutic mRNA delivery using F6 NPs.
F6-mediated mRNA transfection in immunodeficient mice was
examined and exhibited a dose-dependent increase in protein
production (Figure 3gh). In addition, the dose-dependent lung
transfection of mRNA was also confirmed in immunodeficient
mice by using F6 NPs (Figure 3i).

To characterize the biodistribution of F1 and F6, the
fluorescence signals of Cy5-labeled mRNA encapsulated in the
NPs were measured. CyS signals derived from F6 were
distributed in the liver, lungs, and spleen, while signals from
F1 were found in the liver and marginally in the spleen (Figure
4a). CyS signals from naked mRNA were detected in the liver
and kidneys. When the CyS signals were normalized to the
weight of each organ, the lungs, liver, and spleen displayed
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Figure S. Characterization of the interactions between F1 and F6 NPs and plasma proteins. (a) 1D SDS-PAGE analysis of the protein samples
collected from mouse plasma or the surface of plasma-incubated NPs. (b, c) Proteins extracted from the NP surface were subjected to 2D SDS-
PAGE and categorized based on their (b) molecular weight and (c) isoelectric point. (d) The top 10 most abundant proteins in the protein
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Statistical analysis was conducted using a two-tailed Student’s t test for HUVEC results and one-way ANOVA with Dunnett’s multiple

comparisons test for Hep G2 cells. **p < 0.01, ¥**¥p < 0.0001.

comparable fluorescence levels, indicating the biodistribution of
F6 NPs to these organs (Figure 4b). Specifically, F6 NPs
exhibited a significantly greater accumulation in the lungs than
did F1 NPs. Further, the cell-specific distribution of the NPs was
explored using flow cytometry (Figure S10). Approximately
31.0% of the total lung cells were CyS-positive when mRNA was
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systemically administered by using F6 NPs (Figure 4c). In
particular, the CyS signal was detected in approximately 53.1%
of the PECs. In comparison, it was only approximately 29.6% in
other lung cells (Figure 4d), suggesting the preferential
distribution of F6 NPs to PECs, which could be advantageous
for delivering anticancer therapeutic mRNA for the treatment of
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lung cancers. Intravenous (IV) administration of naked mRNA
resulted in poor distribution in lung cells (Figure 4c,d).

To uncover the mechanism enabling the organ-selective
accumulation of PBAE NPs, we studied the interactions between
NPs and plasma proteins. Accumulating publications have
indicated the implications of the protein corona for NP
distribution in vivo.”’~** Since neither F1 nor F6 contains
targeting ligands, we hypothesized that the distinctive patterns
of NP distribution would stem from the differential composition
of the protein corona (Figure S11). After F1 and F6 were
exposed to mouse plasma ex vivo, we isolated the associated
plasma proteins by centrifugation. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis
revealed that the constitutions of the protein coronas were
strikingly different (Figure Sa). Specifically, the protein corona
of F1 exhibited enrichment above 140 kDa, whereas F6 showed
a high enrichment of bands near 60 kDa. This suggests that the
surfaces of two NPs developed distinctive protein coronas. For
more in-depth analysis, the isolated protein complexes were
subjected to two-dimensional (2D) gel electrophoresis to
separate proteins based on their isoelectric point (pI) and
molecular weight. When classified according to molecular
weight, it was observed that proteins with higher molecular
weights were more abundant on the surface of F1, where 50% of
the proteins had a molecular weight greater than 200 kDa
(Figure Sb). In contrast, on the surface of F6, the molecular
weight of 90% of the enriched proteins was less than 200 kDa.
Furthermore, when categorized based on pl, it was established
that the pI values of proteins enriched on the surface of F6 fell
within the range of S and 7 (Figure Sc). Conversely, the pI values
of proteins present on the surface of F1 were predominantly
within the range 5.5 to 6. Interestingly, these physicochemical
traits of proteins found on the surface of F6 correspond closely
with findings from a prior publication on lung-selective lipid
nanoparticles (LNPs).”” This suggests that the pI value and
molecular weight of proteins on the NP surface may have
significant implications for lung transfection. Next, we
proceeded to identify the ten most abundant proteins among
the separated proteins through peptide mass fingerprinting. In
the top ten most abundant proteins for each formulation, F1 and
F6 exhibited an overlap of only three proteins, demonstrating
the distinctive formation of a protein corona on each NP
formulation (Figure Sd). Apolipoprotein B-100 (ApoB-100)
was predominantly detected (>50%) in the protein corona of
F1. Considering that the molecular mass of ApoB-100 exceeds
500 kDa, its robust binding to F1 would increase the size of
protein-NP complexes. Furthermore, earlier studies showed that
this binding perturbs the folding and aggregation of Apo-B100,
potentially improving recognition by CD36, a receptor highly
expressed in splenic macrophages.®”* Both F1 and F6 exhibited
abundance in complement C3 fragments. C3 is recognized for
its association with platelet activation, possibly interacting with
P-selectin or the A3 domain of von Willebrand Factor present on
the PEC surface.>”** However, the association of C3 with NPs
also suggests the initiation of opsonization and subsequent
phagocytic clearance.”*° The occurrence of phosphatidylino-
sitol 3,4,5-trisphosphate S-phosphatase 2, an enzyme respon-
sible for lipid hydrolysis, in the protein coronas is likely
attributed to the lipid components in NPs (Figure Sd). The
specific enrichment of choline/ethanolamine kinase exclusively
in the protein corona of F6 probably originates from an
ethanolamine residue in DSPE-PEG,y, which is a component
not present in F1. Proteins not native to the bloodstream might
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be introduced due to the invasive nature of the plasma collection
procedure.’” Notably, neither apolipoprotein E nor albumin, the
two blood proteins typically enriched on the LNP surface,”
were identified in the proteomic analysis of the two PBAE NPs.
This finding may support the poor liver transfection observed in
both F1 and F6 (Figure 3c), suggesting that these PBAE NPs
likely undergo distribution and uptake pathways distinct from
those of LNPs. The proteomic analysis fell short of fully
elucidating the mechanism behind the spleen- and lung-
targeting processes of F1 and F6. However, it did reveal that
the two PBAE NPs were associated with distinct sets of proteins
following ex vivo incubation with plasma. To further explore the
physicochemical changes in the plasma-incubated NPs, their
hydrodynamic sizes were assessed. In comparison to F6, the size
of F1 markedly increased upon plasma incubation (Figure Se). It
could be attributed to either the faster desorption of DMG-
PEG,g compared to DSPE—PEG2K22 or the stronger interaction
between F1 and ApoB-100 (Figure Sd). This difference in NP
sizes may contribute to the sites of transfection. Given that the
size of interendothelial slits in the spleen ranges from 200 to 500
nm, the increased size of F1 could have facilitated interactions
with spleen cells.***” In contrast, the prolonged residence of the
PEG layer and smaller size of F6 might have contributed to PEC
transfection, facilitated by pulmonary anatomy features like a
large surface area and slow blood perfusion.*”*' The subsequent
in vitro cell transfection assay revealed the impact of NP
incubation with plasma on the mRNA delivery. Under serum-
free conditions, F1 demonstrated significantly higher efficiency
than F6 in delivering mRNA to HUVECs. However, plasma
incubation notably hindered F1 from effectively transfecting
endothelial cells (Figure Sf). Additionally, it was shown that
plasma incubation significantly impeded both F1 and Fé6 from
transfecting liver cells, Hep G2 (Figure Sg). Taken together,
these results strongly support the idea that the interaction of
NPs with proteins plays a crucial role in achieving cell- and
organ-selective mRNA delivery.

Based on the preferential accumulation of F6 NPs in PECs, we
aimed to determine whether pulmonary expression of
bevacizumab was effective in treating NSCLCs. We hypothe-
sized that F6-delivered bevacizumab mRNA could enhance the
pulmonary bioavailability of bevacizumab upon transfection of
PECs, thereby enhancing the suppression of VEGF-mediated
angiogenesis and NSCLC development. For bevacizumab
expression, two mRNA transcripts encoding the heavy chain
(HC) and the light chain (LC) of bevacizumab were synthesized
(Figures $12 and S13).** The synthesized mRNA transcripts
also contained untranslated regions,*’ optimized signal peptide
sequences,”* and poly(A) tails (Figures 6a, 12, and S13). They
were prepared using wild-type (WT) nucleotides or full
substitution of uridine with N1-methylpseudouridine (m1'¥)
to compare the protein productions with or without chemical
modification. In the agarose gel electrophoresis, the bands
corresponding to LC and HC mRNA were observed at
approximately 1200 and 2000 nt, respectively (Figure 6b).
These sizes align with the anticipated size of each mRNA
transcript. When delivered to HeLa cells using lipofectamine,
Western blot analysis revealed the presence of bevacizumab HC
and LC proteins in the cell lysates of singly treated cells (Figure
S14a). In contrast, upon examination of the conditioned media,
the HC protein band was absent, while the LC protein band was
faintly detected (Figure S14b). This observation is attributed to
the fact that the individual domains of the antibody require
assembly into a complete quaternary structure linked via
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Figure 7. Antitumor activity of F6-delivered bevacizumab mRNA therapy in the orthotopic NSCLC mouse model developed by A549-FLuc IV
injection. (a) Schematic diagram of dosing regimens (black arrows) and bioluminescence imaging schedules (red arrows) for treating A549-
FLuc lung orthotopic tumors. (b, c) Monitored bioluminescence from the A549-FLuc lung tumors intravenously induced. (b) Quantified
luciferase expression in the lungs of the mice variously treated. G1: IV injected PBS (red), G2: IV injected empty F6 NPs (green), G3: IP
injected bevacizumab (blue), and G4: IV injected F6 NPs carrying bevacizumab mRNA (black). Data are represented as mean + standard
deviation (G1, G2, G3, n = 6; G4, n = §). Statistical analysis was performed using a two-way ANOVA with Tukey’s multiple comparisons test, *p

8401

https://doi.org/10.1021/acsnano.3c13039

ACS Nano 2024, 18, 8392-8410


https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c13039?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c13039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano WWW.acsnano.org

Figure 7. continued

< 0.05. (c) In vivo bioluminescence images of the mice bearing A549-FLuc lung orthotopic tumors during the study. (d—g) Ex vivo
characterization of the collected lungs on day 41: (d) photographs, (e) bioluminescent images, (f) ex vivo bioluminescent quantification, and
(g) weights of the collected lungs. Data are represented as mean + standard deviation (G1, G2, G3, n = 6; G4, n = S). Statistical analysis was
performed using one-way ANOVA with Tukey’s multiple comparisons test, *p < 0.0S. (h, i) Histopathological analysis of the collected lungs.
(h) Data of the H&E-stained lung tissues, and IHC-stained lung tissues against cleaved caspase-3, cleaved PARP, K;-67, CD31, and VEGF (left
to right). (i) Statistical summary of tumor mass number and percentages of cleaved caspase-3, cleaved PARP, K-67, CD31, and VEGF-positive
cells in each group. Data are represented as mean =+ standard deviation (n = 6). Statistical analysis was performed usin% one-way ANOVA with
Tukey’s multiple comparisons test, s, not significant; ¥¥p < 0.01; ¥¥¥p < 0.001; **¥¥p < 0.0001 versus the G1 group. *'p < 0.01; **p < 0.001;

####, < 0.0001 versus the G2 group. p < 0.05; ¥%p < 0.01; ¥4%p < 0.001 versus the G3 group.
4 group. “p )4 )4 group

disulfide bonds prior to secretion, except for the LC which can lower in the lungs compared to the serum, and at a dose of
be secreted as free chains.***® Upon delivery of both mRNA 0.0125 mg/kg, the antibody concentrations in the lung lysates
transcripts to HeLa cells in a 2:1 ratio (w/w; HC:LC), Western were below the lower limit of quantification. An intravenous
blot analysis of the cell lysates under nonreducing conditions administration of F6-complexed bevacizumab mRNA at a dose
revealed the presence of bevacizumab with the same molecular of 0.5 mg/kg resulted in antibody concentrations in the serum
weight as the recombinant bevacizumab protein (Figure S15). comparable to the intraperitoneal dose of 0.0125 mg/kg of
Additionally, it was demonstrated that the conditioned media recombinant protein (Figure S18a,b). Notably, the intravenous
contained bevacizumab protein, confirming the successful administration of bevacizumab mRNA at the given dose
secretion of bevacizumab following mRNA transfection (Figures achieved higher antibody concentrations in the lung lysates
6¢). Under reducing conditions, breaking a disulfide bond, two compared to the intraperitoneal dose of 0.25 mg/kg of
bands corresponding to HC and LC proteins were detected at recombinant bevacizumab protein, suggesting a more pro-
around 50 and 25 kDa, respectively (Figures 6c and S15). To nounced pulmonary distribution of the antibody facilitated by
simultaneously deliver the two mRNA transcripts, we F6-assisted lung transfection (Figure S18b). When represented
encapsulated both in F6 NPs in a 2:1 ratio (w/w; HC:LC). in lung lysate/serum ratios, the inclination of the antibody
The resulting F6 NPs displayed an average diameter of 179.5 + distribution toward the lungs became conspicuous (Figure 6g).
3.39 nm in DLS and a spherical morphology in TEM imaging It was shown that the distribution of the antibody was more
(Figure S16), similar to those of F6 NPs encapsulating a reporter concentrated in the lungs than in the serum when administered
mRNA. Upon treating A549 cells with bevacizumab mRNA- in the form of F6-loaded mRNA. Conversely, intraperitoneal
loaded F6, the presence of bevacizumab protein was confirmed administration of the recombinant antibody resulted in a more
in the conditioned media (Figure 6d). It indicates the successful prominent distribution to the bloodstream than to the
F6-mediated bevacizumab mRNA transfection and the sub- pulmonary tissues. Despite the distinct administration routes
sequent secretion of the antibody. When evaluating the antibody of the two modalities and the assay being conducted at a single
production from F6-delivered WT and m1'¥ mRNA transcripts, time point, the results appear to robustly support the potential
WT mRNA resulted in a higher secretion of bevacizumab advantages of F6-mediated mRNA delivery in enhancing the
compared to that of m1'¥ mRNA (Figure 6e). In contrast, the pulmonary availability of therapeutic proteins.
systemic administration of F6 containing m1'¥ mRNA to mice Next, we investigated the biocompatibility of F6 through
led to a higher serum concentration of bevacizumab than that clinical blood chemistry tests related to liver function (Figure
containing WT mRNA (Figure 6f). However, no statistical S19). In the examined parameters, there were no concerning
significance was observed both in vitro and in vivo (Figure 6e,f). signs observed in the mouse serums collected at 24 h after
The serum concentrations of bevacizumab reached their peaked intravenous injections of empty F6, bevacizumab mRNA-loaded
at 24 h postadministration and gradually declined to F6 at a dose 0.5 mg/kg, and intraperitoneally administered
undetectable levels by 7 days postadministration (Figure 6f). recombinant bevacizumab protein, as compared to those from
Based on these results, m1¥ mRNA was chosen for its less naive mice. Despite slight increases in alanine aminotransferase
immunogenic nature compared to WT mRNA, particularly with (ALT) in the bevacizumab mRNA-loaded F6 treatment group,
respect to the innate immune system.*” The pharmacokinetics the results remained within their normal ranges.*®
of a recombinant bevacizumab protein after intraperitoneal (IP) Having confirmed that F6-mediated mRNA delivery
administration in mice (Figure S17) was also studied. Overall, produced bevacizumab in vivo, we evaluated the antitumor
serum concentrations of bevacizumab from F6-delivered mRNA effects of our approach in NSCLC orthotopic mouse models.
were lower than those of the bevacizumab product (Figures 6f Two orthotopic mouse tumor models, utilizing A549-FLuc cells,
and S17). This probably resulted from the low mRNA dose and were used to represent different phases of progression in
lung-specific transfection of F6. NSCLCs (Figure $20)." The model established through
To assess whether F6-mediated mRNA delivery enhances the intravenous administration of A549 cells mimics the late stage
pulmonary distribution of bevacizumab, we measured the of NSCLC, where cancer cells circulate through the bloodstream
bevacizumab concentration in the lungs and serum following and disseminate across the lungs. Meanwhile, the transpleural
the systemic administration of bevacizumab mRNA-loaded F6. AS549 model aimed to replicate the progression of human
These measurements were compared to those from intra- NSCLC, starting from a localized intraparenchymal tumor to the
peritoneal administration of recombinant bevacizumab protein. subsequent formation of metastasis. Once tumor development
Regarding the intraperitoneally administered recombinant in the lungs was confirmed by bioluminescence, the mice were
bevacizumab protein, concentrations exhibited a dose-depend- treated with various regimens: PBS, empty F6 NPs, a
ent rise in both serum and lung lysates, ranging from 0.0125 to 5 recombinant bevacizumab protein, or F6 NPs carrying
mg/kg (Figure S18a,b). The antibody concentrations were bevacizumab mRNA (Figure 7a). Treatments were adminis-
8402 https://doi.org/10.1021/acsnano.3¢13039
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Figure 8. Antitumor activity of F6-delivered bevacizumab mRNA therapy in the orthotopic NSCLC mouse model developed by A549-FLuc
transpleural injection. (a) Schematic diagram of dosing regimens (black arrows) and bioluminescence imaging schedules (red arrows) for
treating AS49-FLuc lung orthotopic tumors. (b) Body weight changes of mice for the study. (c, d) Monitored bioluminescence from the
transpleurally induced A549-FLuc lung tumors. (c) Quantified luciferase expression in the lungs of the mice treated with empty F6 NPs (Gl1,
black) or F6 NPs carrying bevacizumab mRNA (G2, red). Data are represented as mean =+ standard deviation (G1 n = 3; G2 n = 4). Statistical
analysis was performed using a two-tailed Student’s t-test, *p < 0.05 at 21 days. (d) In vivo bioluminescence images of the mice bearing A549-
FLuc orthotopic lung tumors during the study. (e, f) Ex vivo characterization of the collected lungs on day 21: (e) bioluminescence images and
(f) quantified bioluminescence of the collected lungs. Data are represented as mean + standard deviation (G1, n = 3; G2, n = 4). Statistical
analysis was performed using a two-tailed Student’s t-test, **p < 0.01 at 21 days. (g,h) Histopathological analysis of the collected lungs. (g) Data
of the H&E-stained lung tissues, and IHC-stained lung tissues against cleaved caspase-3, cleaved PARP, K;-67, CD31, and VEGF (left to right).
(h) Statistical summary of the tumor mass and percentages of cleaved caspase-3, cleaved PARP, K;-67, CD31, and VEGF-positive cells in each
group. Data are represented as mean + standard deviation (n = 6). Statistical analysis was performed using a two-tailed Student’s t-test, ***p <
0.001; ****¥p < 0.0001.
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tered weekly, and tumor growth was monitored by bio-
luminescence imaging of the cancer cells (Figure 7b). In animals
treated with PBS and empty NPs (G1 and G2, respectively), the
luminescent signals increased in the lungs over time, indicating
rapid tumor progression (Figure 7b,c). When mice were treated
with the bevacizumab product (G3), a slight suppression of
bioluminescent signals was observed compared with those of the
PBS- or empty NP-treated group. Notably, treatment with F6
NPs encapsulating bevacizumab mRNA resulted in significantly
lower bioluminescence (G4), suggesting the therapeutic effects
of F6-mediated bevacizumab mRNA against NSCLCs. At the
end of day 41, the lungs of each group were harvested for in-
depth evaluation of the tumor tissues (Figure 7d—g). In
macroscopic analysis, the murine lungs that received PBS or
empty F6 NP treatment had larger sizes and more tumor
nodules with abnormally colored patches on the tissue surfaces
compared with those treated with a recombinant bevacizumab
protein (Avastin, Roche) or bevacizumab mRNA (Figure 7d).
Moreover, when imaged for bioluminescence, it was clear that
the lungs from G3 and G4 exhibited lower luciferase expression
than those from G1 and G2, indicating the anticancer effects of
bevacizumab (Figure 7e,f). Furthermore, the lung weight in G4
mice was significantly lower than that in G2 mice (Figure 7g).
Considering that the body weights of the mice were similar in all
groups (Figure S21), the lower weight of the lungs in G4
suggests selective inhibition of tumor growth in the pulmonary
system (Figure 7g). The lungs were subjected to histopatho-
logical analysis to further assess the tumor-inhibitory effects of
F6 NP-assisted bevacizumab mRNA therapy (Figure 7h,i).
Hematoxylin and eosin (H&E)-stained tissues showed that G3
and G4 mice demonstrated considerable reduction in the areas
occupied by cancer cells in the lungs compared with the other
groups (Figures 7h and S22). This was corroborated by the
significantly lower number of tumor masses formed in the
intrapulmonary spaces (Figure 7i). Of note, G4 had significantly
smaller tumor masses per area when compared to G3, suggesting
the therapeutic benefits of the mRNA approach over the
bevacizumab protein (Figure 7i). Immunohistochemistry
(IHC) staining revealed additional changes in protein markers
in the lung tissues (Figure 7h,i). Cleaved caspase-3 and cleaved
poly(ADP-ribose) polymerase (PARP) are useful indicators of
tumor apoptosis.”” We found that these markers in the
intrapulmonary tumor mass significantly increased in G3 and
G4 compared to Gl and G2, demonstrating the therapeutic
effects of bevacizumab against NSCLCs (Figure 7h,i).
Importantly, G4 displayed significantly greater levels of
caspase-3 and cleaved PARP than G3, supporting the
therapeutic potential of F6-mediated bevacizumab mRNA
therapy over that of bevacizumab protein therapy. Ki-67 is a
prominent marker of cancer cell proliferation and metastasis.”'
The K;-67 levels in the lung tissue sections were lower in G3 and
G4 than in G1 and G2, indicating inhibition of tumor
proliferation and growth due to bevacizumab activity (Figure
7h,i). Again, G4 produced a more significant inhibition of K;-67
percentage scores than G3. CD31 and VEGF are well-defined
markers of angiogenesis.52 Bevacizumab treatments, both with
bevacizumab protein (G3) and F6-mediated mRNA (G4), led
to a reduction of CD31 and VEGF expression compared to the
controls (ie, Gl and G2) in the lungs (Figure 7hji). In
particular, the levels of CD31 and VEGF were significantly lower
in G4 than those in G3, demonstrating a more significant
suppression of NSCLC angiogenesis by mRNA therapy.
Collectively, bevacizumab treatment effectively inhibited
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NSCLC progression, and, especially, F6-assisted bevacizumab
mRNA delivery displayed greater antitumor efficacy against
NSCLC than bevacizumab through efficient induction of
apoptosis and suppression of angiogenesis.

We additionally examined the therapeutic efficacy of F6-
assisted bevacizumab mRNA therapy in another orthotopic
NSCLC mouse model. The A549-FLuc cells were transpleurally
injected directly into the lungs through the intercostal space
(Figure 8a). This orthotopic NSCLC mouse model is useful not
only because it provides localized intraparenchymatous tumor,”
but also because it mimics a pleural metastasis of lung carcinoma
that typically worsens the prognosis in patients with NSCLC.>*
With this model, we continued to assess the therapeutic
potential of the F6-assisted bevacizumab mRNA therapy. The
body weights of the animals were not significantly different
between the empty F6 NPs (Gl) and F6 NPs carrying
bevacizumab mRNA (G2) (Figure 8b). When bioluminescence
was measured in the implanted lung cancer cells, an apparent
suppression of tumor growth was observed in G2, whereas G1
showed rapid tumor growth in the pulmonary system (Figure
8c,d). In the following ex vivo analysis, 21 days after the initial
treatment, the luminescent signals from the harvested lungs
were significantly lower in the mRNA-treated lungs (G2) than in
the empty NP-treated lungs (G1), indicating the antitumor
efficacy of bevacizumab mRNA delivery (Figure 8e,f). We also
conducted a histopathological analysis of these lungs, and H&E
staining revealed potent inhibition of tumor mass numbers and
mass-occupied regions by bevacizumab mRNA (Figures 8gh,
and $23). Using IHC staining, we found that mRNA treatment
led to apoptosis in the tissues, as shown by significant increases
in cleaved caspase-3 and PARP. In addition, the K;-67-positive
percentage was significantly smaller in G2 than in G1, indicating
inhibition of tumor growth due to bevacizumab mRNA
treatment. Lastly, the levels of the angiogenesis markers CD31
and VEGF showed that F6-mediated bevacizumab mRNA
delivery suppressed pulmonary angiogenesis in NSCLC. Taken
together, our results suggest that delivering bevacizumab mRNA
to PECs using F6 NPs could be used to treat NSCLCs through
intrapulmonary production of this protein and result in the
efficient suppression of angiogenesis.

CONCLUSIONS

Recent advances in nanomedicine have led to the clinical use of
synthetic mRNA, expanding its applications beyond immuniza-
tion to include therapeutic treatments. The ability of mRNA to
express intracellular, extracellular, or transmembrane proteins
provides a broad spectrum of therapeutic opportunities in
anticancer therapy.”*~® Such therapeutic potential of mRNA can
be augmented by target-specific nanocarriers.'¥*”*”** LNPs,
the most advanced nonviral vectors, primarilﬁy transfect
hepatocytes following intravenous administration.” Although
LNP-mediated mRNA delivery can result in antibody secretion
into the circulation from transfected hepatocytes,””°" the large
molecular weight and polarity of antibodies often limit their
distribution to cancerous tissues.

In this study, we explored the therapeutic potential of
bevacizumab-encoded synthetic mRNA delivered by using
PEC-targeting PBAE NPs. We hypothesized that preferential
mRNA delivery to PECs achieved by PBAE NPs could enhance
the pulmonary availability of bevacizumab and, therefore, inhibit
NSCLC tumor growth. The antiangiogenic effects of
bevacizumab are based on the blockade of VEGF. VEGF
receptors associated with NSCLCs are primarily expressed in
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the PECs. Therefore, it was conceivable that in situ production of
bevacizumab by mRNA delivered to PECs would block VEGF
more efliciently. To target PECs more efliciently, a library of
PBAE polymers and selected PBAE-D were screened based on
their endosomal escape behaviors and mRNA transfection
efficiencies. The formulation study revealed that the transfection
site and delivery efficiency in vivo were influenced not only by
the contents of the cationic polymers but also by the tail length
of PEG lipids and the PEG molarity in PBAE NPs. We
subsequently aimed to elucidate the mechanism behind organ-
selectivity of two NPs, F1 and F6, by examining their
interactions with blood proteins and analyzing how their particle
sizes changed upon contact with plasma. These two NPs
displayed distinct properties in both the size and composition of
their protein coronas, influencing their in vitro mRNA
transfection efficiency. These distinctions may carry implica-
tions for their in vivo behaviors and subsequent mRNA delivery.
Nevertheless, the precise mechanism accountable for the
targeted delivery of mRNA to the lungs and spleen by PBAE
NPs is yet to be determined, and it awaits further investigation in
the future. By leveraging the lung-targeting behaviors of F6, we
aimed to deliver the therapeutic antibody bevacizumab in the
form of mRNA to PECs for the treatment of NSCLC. The
synthesized mRNA molecules encoding HC or LC of
bevacizumab resulted in the production and secretion of the
antibody upon their cellular delivery, and the encapsulation of
bevacizumab mRNA within F6 NPs led to the production of
pulmonary and circulating bevacizumab antibodies following
intravenous administration. In orthotopic mouse models of
NSCLC, bevacizumab treatments, both F6-mediated mRNA
therapy and recombinant protein, were effective in suppressing
tumor growth. Notably, F6-delivered bevacizumab mRNA
therapy significantly inhibited tumor cell proliferation. Fur-
thermore, the histopathological analysis of the mRNA-treated
lungs revealed more significant inhibition of angiogenesis and
metastasis and enhanced induction of apoptosis than the
bevacizumab protein treatment.

In summary, this study provides evidence for the principle of
delivering bevacizumab mRNA for the treatment of NSCLCs.
Using PBAE-based NPs, PEC-selective bevacizumab mRNA
delivery and the blockade of VEGF in pulmonary tissues were
achieved, which could be advantageous for eradicating angio-
genesis in NSCLCs. We acknowledge several limitations of this
study, such as a discrepancy between NP biodistribution and
transfection sites after mRNA administration as well as partial
validation of organ-selective mechanisms of the NPs. Despite
these limitations, our study highlighted the potential use of
synthetic mRNA to produce therapeutic antibodies for cancer
treatment.

MATERIALS AND METHODS

Materials. Bisphenol A glycerolate (1 glycerol/phenol) diacrylate,
1-(2-aminoethyl)pyrrolidine, and 2-(2-aminoethyl)-1-methylpyrroli-
dine were purchased from Sigma-Aldrich. Dodecylamine, 1,3-
diaminopropane, and 4-amino-1-butanol were purchased from Tokyo
Chemical Industry (TCI). 1,2-Dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy (polyethylene glycol)-2000] (ammonium salt) (DSPE-
PEG,y) were purchased from Avanti Polar Lipids. 1,2-Dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG,x) was pur-
chased from Nanosoft Polymers. Urea, thiourea, 3-((3-cholamido-
propyl) dimethylammonio)-1-propanesulfonate (CHAPS), dithio-
threitol (DTT), Tris base, Bradford solution, acrylamide, iodoaceta-
mide, bis-acrylamide, SDS, acetonitrile, trifluoroacetic acid, a-cyano-4-
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hydroxycinnamic acid, 4-sulfophenyl isothiocyanate, hydroxycinnamic
acid, sodium bicarbonate, and ammonium bicarbonate were purchased
from Sigma-Aldrich (St. Louis, MO, U.S.A.). Pharmalyte (pH 3.5—10)
was obtained from Amersham Biosciences, and IPG DryStrips (pH4—
10NL, 24 cm) were purchased from Genomine Inc. Modified porcine
trypsin (sequencing grade) was obtained from Promega (Madison, W1,
U.S.A.). The CleanCap FLuc mRNA was purchased from TriLink
BioTechnologies. PB-GFP-Gal8 was a gift from Jordan Green
(#127191, Addgene), and pCAG-luciferase was a gift from Snorri
Thorgeirsson (#55764, Addgene). PiggyBac transposase vector was
purchased from System Biosciences (PB210PA-1). p-Luciferin
potassium salt was purchased from Biosynth. A HiScribe T7 mRNA
Kit with CleanCap Reagent AG, E. coli poly(A) polymerase, and
Monarch RNA Cleanup Kit were purchased from New England Biolabs
(NEB, Ipswich, MA, US.A.).

Synthesis of PBAE Polymers. Monomer solutions were prepared
by using N,N-dimethylformamide. Bisphenol A glycerolate diacrylate
(888.0 mg), 4-amino-1-butanol (68 mg), 1-(2-aminoethyl)pyrrolidine
(87.4 mg), or 2-(2-aminoethyl)-1-methylpyrrolidine (99.2 mg), and
dodecylamine (143 mg) were added to a 20 mL glass vial. The mixture
was heated at 90 °C for 48 h for Michael addition reaction to proceed
and then cooled to room temperature. The polymers were end-capped
by adding 240 mg of 1,3-diaminopropane. The end-capping reactions
were stopped after 24 h. The product mixtures were diluted in diethyl
ether (product:diethyl ether = 1:4, v/v) and vigorously vortexed. The
mixtures were centrifuged at 1250 RCF. The supernatants were
removed, and the solid polymers were collected. After additional
washing with diethyl ether, the polymers were completely dried under
reduced pressure. The synthesized polymers were confirmed by 'H
NMR and stored at —20 °C.'7'%¢*

Preparation and Characterization of mRNA-Loaded PBAE
Nanoparticles. mRNA was diluted in 25 mM sodium acetate buffer
(pH 5.0) as the aqueous phase. Mixtures of PBAE, DOPE, and PEG
lipids (DMG-PEG,, or DSPE-PEG,y) were dissolved in ethanol. NPs
were formulated by vigorously mixing the two phases. For in vitro and in
vivo assays at a dose of 0.1 mg of mRNA/kg, the ratio of the aqueous
phase to the ethanol phase was 1:1 (v/v). For in vivo studies, at a dose of
0.5 mg of mRNA/kg, the ratio was 3:1 (v/v). The assembled NPs were
dialyzed against PBS at 4 °C for 2 h using a dialysis tubing (12000 Da,
molecular-weight cutoff).'"® The hydrodynamic diameter and PDI of
NPs were assessed through dynamic light scattering using a Zetasizer
Nano $90 (Malvern, U.K.). The zeta potential of NPs was measured
with a Zetasizer Nano ZEN 2600 (Malvern, U.K.). NP morphology was
characterized using TEM (Hitachi H-7600) on carbon-coated copper
grids.”> mRNA encapsulation was calculated using the RiboGreen
Assay kit (Thermo Fisher Scientific), as described previously.'® The
apparent pK, values of mRNA-loaded PBAE NPs were determined by
using TNS assays by measuring surface ionization. Briefly, buffers from
pH 2.0 to 12.0 in increments of 0.5 were prepared by adjusting an
aqueous solution (20 mM sodium phosphate, 25 mM citrate, 20 mM
ammonium acetate, and 150 mM NaCl) with 0.1 N NaOH and 0.1 N
HCL. Aliquots (100 uL) of the buffers were added to a 96-well black
microplate. Then, TNS solution in the final concentration of 6 M and
PBAE NPs in 3.5 ug of polymer were added to each well. Fluorescence
intensity was measured using a multimode microplate reader (Tecan
Trading AG, Switzerland) at excitation and emission wavelengths of
360 and 465 nm, respectively. The measured fluorescence was
normalized to the minimum fluorescence value, and curve fitting was
applied to the normalized fluorescence data. The apparent pK, of each
PBAE NP was determined as the pH value corresponding to half of the
maximum fluorescence level.*”

Cell Culture. Human cancer cell lines HeLa, Hep G2, and A549
were purchased from the Korea Cell Line Bank. HUVEC was obtained
as a gift from Professor Jae-Ryong Kim (Yeungnam University Medical
Center). HeLa, Hep G2, and A549 cells were cultured in complete
DMEM (cDMEM) containing 10% FBS and 1% penicillin/
streptomycin at 37 °C in an incubator with 5% CO,. HUVECs were
cultured in endothelial cell growth medium (CC-3162 EGM-2
BulletKit, Lonza).
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In Vitro Cell Viability Assay. The cytotoxicity of PBAE NPs was
tested by using MTS assays. Briefly, cells were seeded in 96-well plates
at a density of 1 X 10* cells/well and incubated for 24 h. The cells were
then treated with mRNA-loaded PBAE NPs. After S h, 20 uL of MTS
solution was added, followed by 1 h of incubation at 37 °C and 5% CO,.
The absorbance was measured at 490 nm (A) using a microplate reader.
Cell viability was calculated using the following equation: Cell viability
(%) = (Asample - Ablank)/(Acontrol - Ablank) X 100.

Cellular Uptake Study. The cellular uptake of mRNA into HeLa
cells was evaluated by using flow cytometry (BD FACSCalibur, BD
Biosciences). HeLa cells were seeded into a 12-well plate at 10° cells/
well for 24 h. Cells were exposed to various treatments at a CyS-labeled
mRNA concentration of 200 ng/well for 4 h. After washing with PBS,
the cells were harvested and analyzed by flow cytometry, with PBS-
treated cells as the control.%®

Preparation of HelLa-Gal8-GFP Cells and Gal8 Recruitment
Study. HeLa cells were seeded in a 6-well plate at a density of 2 X 10°
cells/well. The cells were treated with 0.5 pg of PB-GFP-Gal8 and 0.2
ug of PiggyBac transposase vector/well using PBAE-D NPs as
described above. After 72 h, cells were collected for positive integration
by using flow cytometry. A single positive clone of HeLa-Gal8-GFP
cells was prepared by limited dilution and expanded by subculture.'¥*°
For the Gal8 recruitment assays, HeLa-Gal8-GFP cells were seeded on
coverslips in 12-well plates at a density of 1 X 10° cells/well. After 24 h,
the cells were treated with PBS, naked CyS mRNA, or CyS mRNA
PBAE NPs at 200 ng of mRNA/well and incubated for 12 h. After
washing with PBS, the cells were fixed with 4% paraformaldehyde,
washed three times with PBS, and stained with Hoechst solution (1 g/
mL) for S min. Finally, the cells were mounted on slides, and image
were captured using a confocal laser scanning microscope (Nikon Al+,
Nikon)."”*°

In Vitro Transfection Assay. HeLa, A549, and Hep G2 cells were
seeded into 96-well white plates at various densities (HeLa and AS549:
20000 cells/well; Hep G2: 30000 cells/well). After 24 h, the medium
was replaced with cDMEM or serum-free DMEM, and PBAE NPs were
added at a dose of 25 ng of FLuc mRNA/well. After S h of NP
treatment, the medium was replaced with fresh cDMEM and incubated
for an additional 12 h. Finally, the cells were treated with 10 uL of -
luciferin solution (4 mg/ mL) and incubated for 10 min at 37 °C. FLuc
expression was measured using a multimode microplate reader. To
characterize bevacizumab mRNA transfection, cells were seeded on a
12 well plate at 3 X 10° cells per well. After 24 h, the cells were treated
with NPs carrying bevacizumab mRNA (w/w; HC:LC = 2:1) for 24 h.
Subsequently, the culture media and the transfected cells were collected
for Western blot. In addition, HeLa cells were seeded on a 96-well plate
at 2 X 107 cells per well. After 24 h, the cells were treated with NPs at a
dose of 125 ng bevacizumab mRNA/well for 24 h, followed by the
collection of the culture media. Subsequently, bevacizumab concen-
trations in the culture media were measured using ELISA (ab237642,
Abcam) according to the manufacturer’s instructions.

Western Blot. Total proteins from the transfected cells were
extracted using a radioimmunoprecipitation assay (RIPA) buffer
containing protease inhibitors. Protein concentrations in cell-free
media and cell lysates were measured by using a BCA protein assay kit
(Thermo Fisher Scientific). 15 ug of total proteins was mixed with
sodium dodecyl sulfate (SDS) sample buffer under nonreducing or
reducing condition (denatured at 90 °C for 10 min with 5% 2-
mercaptoethanol), separated on 4—10% SDS polyacrylamide gel, and
transferred to PVDF membrane (Merck Millipore). The membrane
was blocked using 3% BSA in Tris-Buffered Solution supplemented
with 0.1% Tween-20 (TBST) for 1 h. Subsequently, it was incubated
with a polyclonal goat antihuman-IgG (H+L) HRP (Jackson
ImmunoResearch, 109—035—088) at 1:1,000 in the blocking buffer
for 1 h at room temperature, followed by several washings with TBST.
For chemiluminescence imaging, the membrane was incubated in
SuperSignal West Pico Chemiluminescent Subtrate or SuperSignal
West Femto Chemiluminescent Subtrate (Thermo Fisher Scientific)
according to the manufacturer’s instructions. For f-actin detection in
cell lysates, the membrane was incubated with a mouse monoclonal
anti-f-actin (Thermo Fisher Scientific, MAS—15739) at 1:10000 in the
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blocking buffer, followed by the secondary incubation with antimouse
IgG (H+L) HRP (Promega, W4021).

Preparation of A549-FLuc Cells. A549 cells were seeded into 6-
well plates and incubated for 12 h before transfection. Cells were
transfected with pCAG-luciferase at 1 pug/well using Lipofectamine
3000 (Thermo Fisher Scientific) according to the manufacturer’s
protocol. At 24 h post-transfection, the medium was replaced with
DMEM. At 48 h post-transfection, G418 sulfate (Thermo Fisher
Scientific) was added to the cells according to the manufacturer’s
protocol. The medium was replenished twice per week, and the
concentration of G418 sulfate was maintained. After 10 days, the G418-
selected cells were expanded and single clones were prepared by limited
dilution and expansion. A portion of the selected cells was further
cultured to confirm luciferase expression at various time points. The
concentration of G418 sulfate was maintained throughout the
subculture.®*

Animals. All animal experiments were performed at Yeungnam
University and followed protocols approved by the Institutional Animal
Care and Use Committee (IACUC) at Yeungnam University
(Protocol#: 2022—023). BALB/c (S-week-old females) and BALB/c
nude (S-week-old females) mice were provided by Orient Bio, Inc.
(Seongnam, South Korea).

In Vivo Evaluation of FLuc mRNA PBAE NPs. The formulated
PBAE NPs were injected intravenously into the mice via the tail vein ata
dose of FLuc mRNA of 0.1 or 0.5 mg/kg. Six hours after administration,
the p-luciferin substrate (150 mg/kg) was injected intraperitoneally and
incubated for 15 min. Bioluminescence imaging of the whole body and
major organs was performed using the In Vivo Imaging System (IVIS;
IVIS Lumina, PerkinElmer).'®*”

In Vivo Biodistribution of PBAEs NPs. The PBAE NPs loaded
with CyS-labeled mRNA were intravenously injected into BALB/c
mice via the tail vein at an mRNA dose of 0.5 mg/kg. Four hours after
administration, the mice were sacrificed and CyS fluorescence in the
organs was examined using an IVIS (IVIS Lumina, PerkinElmer). The
collected lungs were then processed into single-cell suspensions. Lung
cells were stained with a viable dye (Zombie Green, BioLegend)
according to the manufacturer’s protocol. Fc block (antimouse CD16/
32 antibody, BioLegend, 1:100) was used for blocking nonspecific
binding, and the PEC were stained with anti-CD31-APC/Fire 750
antibody (BioLegend, 1:50). Finally, after several washes with PBS, the
cells were analyzed by flow cytometry (FACSVerse, BD Biosciences).

Isolation of Proteins Adsorbed to NPs. Collection of blood
proteins forming the coronas on NP surface was conducted as
previously described.*® Briefly, mouse plasma was collected from
BALB/c mice, and protein aggregates were removed by centrifugation.
PBAE NPs containing mRNA were incubated with mouse plasma in a
1:1 ratio (v/v) for 1 h at 37 °C under shaking. Then, NP/protein
complexes were isolated by centrifugation at 16000 g for 1 h at 4 °C.
Nonbound proteins were removed by washing the complexes three
times with cold PBS. Throughout the processes, low-protein-binding
microcentrifuge tubes were used (Thermo Fisher Scientific).

Characterization of Proteins Adsorbed to NPs by SDS-PAGE
and Protein Identification via Mass Spectrometry. The isolated
NP/protein pellets were resuspended in 2% SDS, and the protein
concentration was measured using a bicinchoninic acid (BCA) assay.
Proteins were extracted by a trichloroacetic acid (TCA)/acetone
precipitation method. Extracted proteins were resuspended in the
sample buffer and denatured at 90 °C for S min with 2-
mercaptoethanol. For one-dimensional SDS-PAGE, the samples were
separated on a 4—10% SDS PAGE gel, followed by staining with
Imperial Protein Stain (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Further analysis of the proteins was conducted
by Genomine Inc. (Pohang, South Korea). Briefly, the NP/protein
pellets isolated from the surface of PBAE NPs were resuspended in the
lysis solution consisting of 8.4 M urea, 2 M thiourea, 4% (w/v) CHAPS,
1% (w/v) DTT, 2% (v/v) Pharmalyte, and 40 mM, followed by 1 h
vortexing to extract proteins. The protein extracts were subjected to
centrifugation at 12,000 rpm at 25 °C. Protein concentration in the
supernatant was determined by Bradford assay. Immobilized pH
gradient dry strips (4—10 NL IPG, 24 cm, Genomine, South Korea)
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were equilibrated for 12—16 h with the buffer containing 7 M urea, 2 M
thiourea, 2% CHAPS, 1% DTT, and 1% Pharmalyte, and 120 ug of
protein sample was loaded per strip. Isoelectric focusing was performed
at 25 °C using a Multiphor II electrophoresis unit and EPS 3500 XL
power supply (Amersham Biosciences) following the manufacturer’s
instruction. Before the second dimensional separation, strips were
incubated in the equilibrium buffer twice, each time for 10 min.
Equilibrated strips were inserted onto SDS-PAGE gels (20 X 24 cm,
10—16%). SDS-PAGE was performed using Hoefer DALT 2D system
(Amersham Biosciences) following the manufacturer’s instruction.
Then, the gels underwent alkaline silver staining. Quantitative analysis
of digitized images was conducted using PDQuest software (version
7.0, BioRad) following the manufacturer’s protocol. The quantity of
each spot was normalized to the total valid spot intensity. Protein spots
that exhibited a significant expression variation, deviating over 2-fold in
their expression level compared to a control, were selected. For protein
identification by peptide mass fingerprinting (PMF), protein spots were
excised, digested with trypsin (Promega), mixed with a-cyano-4-
hydroxycinnamic acid in 50% acetonitrile/0.1% TFA, and subjected to
matrix-assisted laser desorption/ionization-time-of-flight mass spec-
trometry (MALDI-TOF) analysis (Autoflex Speed LRF, Bruker).
Spectra were collected from 300 shots per spectrum over m/z range
700—4000 and calibrated by two-point internal calibration using
trypsin autodigestion peaks (m/z 842.5099, 2211.1046). The peak list
was generated using the flexAnalysis software (version 3.4, Bruker),
with the following threshold values: 500 for the minimum resolution of
monoisotopic mass, S for S/N. For protein identification by PMF, the
search program MASCOT, developed by Matrix Science (http://www.
matrixscience.com/), was employed. The parameters for the database
search included trypsin as the cleaving enzyme, a maximum of one
missed cleavage, iodoacetamide (Cys) as a complete modification,
oxidation (Met) as a partial modification, monoisotopic masses, and a
mass tolerance of +0.2 Da. PMF acceptance criteria were based on
probability scoring.

In Vitro Transcription of Bevacizumab mRNA. The codon-
optimized sequences of the heavy and light chains of bevacizumab were
synthesized and cloned into pBHA plasmids by Bioneer (Daejeon,
South Korea). The plasmids were linearized using BspQI (NEB) and
precipitated using phenol:chloroform:isoamyl alcohol extraction. In
vitro transcription was performed using a HiScribe T7 mRNA Kit at 37
°C for 2 h, and §’ capping was conducted cotranscriptionally using
CleanCap Reagent AG (NEB) according to the manufacturer’s
protocol. The synthesized mRNA was purified by LiCl precipitation.
Subsequently, polyadenylation and purification were performed using a
Poly(A) Polymerase Kit (NEB) and Monarch RNA Cleanup Kit
(NEB) according to the manufacturer’s protocols, respectively.*”
Chemically modified mRNA was synthesized by completely replacing
UTP with N1-methylpseudouridine-5'-triphosphate. For CyS-labeled
mRNA synthesis, UTP was partially replaced with CyS-UTP (CyS-
UTP:UTP = 1:2 molar ratio). The integrity of the synthesized mRNA
was assessed by denaturing agarose gel electrophoresis and visualized
with ethidium bromide staining.

In Vivo Evaluation of PBAE-Delivered Bevacizumab mRNA
Transfection. PBAE NPs encapsulating bevacizumab mRNA were
intravenously injected into the tail vein of female BALB/c mice (5—6
weeks old). The positive control, a recombinant bevacizumab protein
(Avastin, Roche), was injected intraperitoneally. For pharmacokinetic
studies, mouse blood samples were collected by submandibular
bleeding or cardiac puncture and processed for serum extraction by
centrifugation at 2000 RCF for 20 min at 4 °C.% For clinical chemistry
studies, mouse plasma was collected and analyzed at the Kyungpook
national university animal hospital (Daegu, South Korea), with naive
mice as the negative control. To estimate the pulmonary distribution of
bevacizumab 24 h after administering bevacizumab mRNA or
recombinant protein, mouse serum and lung lysates were collected.
Blood was collected from euthanized mice via the hepatic portal vein,
and the lungs were harvested after perfusion with 20 mL sterile PBS
through the right ventricle until they turned white. Total proteins from
the lungs were extracted in RIPA buffer containing protease inhibitors

by using a tissue grinder. Concentration of bevacizumab was
determined using ELISA as described previously.

Development and Treatment of Orthotopic NSCLC Mouse
Models. The orthotopic A549-FLuc IV injection model was
established as described previously.**®” Briefly, 1 X 10° AS49-FLuc
cells in PBS were directly injected into the tail vein. After 7 days,
bioluminescence images were monitored weekly to measure tumor
growth. Mice were divided into four groups after 2 weeks and
intravenously administered PBS, empty F6 NPs, and bevacizumab
mRNA F6 NPs at 0.5 mg/kg; or intraperitoneally injected with
bevacizumab S mg/kg. At the end of the experiment, all mice were
euthanized and their lungs were harvested, photographed, and fixed
using 10% formalin. The orthotopic model by A549-FLuc transpleural
injection was established, as described previously.*® For each mouse, 3
X 10% A549-FLuc was prepared in 20 uL of a solution containing 50% of
the mouse sarcoma extracellular matrix (Matrigel, Corning Life
Sciences) in DMEM that was injected directly into the lungs to a
depth of 4 mm through the pleura. Bioluminescence images were
monitored weekly, and the mice were divided into two groups after 3
weeks of treatment with empty F6 NPs or bevacizumab mRNA F6 NPs.
Tumor growth was measured twice a week using bioluminescent
imaging as described above. All mice were euthanized immediately after
the final in vivo bioluminescence imaging. The lungs were harvested as
previously described.

Histological and Immunohistochemical Analyses. Equal
regions of the individual left lung lobes were cross-trimmed. All crossly
trimmed lung parts were refixed in 10% neutral buffered formalin for 24
h, and six serial 3—4 pm sections were prepared in each paraffin block.
Representative sections were stained with hematoxylin and eosin for
general histopathological profiles or with avidin—biotin-peroxidase
complex (ABC)-based immunohistochemistry for cleaved caspase-3,
PARP, K-67, CD31, and VEGF. One or two histological fields in each
orthotopic lung-left-lobe tissue, for a total of six lung histological fields
focused on the formed tumor masses, were considered for statistical
analysis and histopathological inspection.

Statistical Analysis. Data are shown as the mean + standard
deviation. Statistical analyses were performed using Prism 8 software
(GraphPad, CA, U.S.A.). Statistical tests are provided in the figure
legends.
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(polyethylene glycol)-2000] (ammonium salt); DOPE, dio-
leoylphosphatidylethanolamine; FBS, fetal bovine serum; Gals,
galectin 8; FLuc, firefly luciferase; GFP, green fluorescent
protein; HC, heavy chain; H&E, hematoxylin and eosin;
HUVEC, human umbilical vein endothelial cells; IP, intra-
peritoneal; IV, intravenous; LC, light chain; LNP, lipid
nanoparticle; m1¥, N1-methylpseudouridine; NP, nanopar-
ticle; NSCLC, nonsmall cell lung cancers; PARP, poly(ADP-
ribose) polymerase; PBS, phosphate buffered saline; PBAE,
poly(B-amino esters); PDI, polydispersity indexes; PEC,
pulmonary endothelial cells; PEG, polyethylene glycol; pl,
isoelectric point; TEM, transmission electron microscopy; TNS,
2-(p-toluidino)-6-naphthalene sulfonic acid; VEGF, vascular
endothelial growth factor; WT, wild-type
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