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ABSTRACT

Brain-derived neurotrophic factor (BDNF) has a long history in the treatment neurodegenerative of diseases.
However, this therapy has limitations in exogenous protein safety, including side effects like neuropathic pain
and seizures. Moreover, there are currently no positive clinical trial results using BDNF-based gene therapy.
Given this, new methods of delivering BDNF are urgently needed. Here, we report an engineering BDNF mRNA-
based therapy in a murine model of Alzheimer’s disease (AD). Two poly (p amino esters) polymers (PBAE) were
synthesized, which achieved mRNA delivery to brain and spinal cord efficiently following catheter ventricle
pumping. To confer stability and RNase resistance, the secondary structure of the mRNA was engineering using
Al algorithms. Further mRNA modification was done on 3’ untranslated region (3'UTR), which was added with
neuron-specific miRNA targeting sequence to avoid BDNF protein expression in neuron. This allowed reduced
neuronal overexcitation and seizures. And BDNF protein was sustained released from astrocytes to maintain
surrounding neural function. The engineering mRNA was delivered into the brain ventricle and translated into
astrocytes to significantly improve the memory of AD mice. Given the mRNA modifications presented here, it
would de-target delivery to specific cell types and has therapeutic potential for the treatment of neurological
diseases.

1. Introduction

may be attributed to two factors: the immune system response triggered
by AAV and a restricted delivery volume for achieving promising results.

Brain-derived neurotrophic factor (BDNF) has a long history of use,
particularly in therapeutic applications for central nervous system dis-
eases. For instance, a dozen years ago, BDNF protein was infused using a
programmed pump in patients with Alzheimer’s Disease (AD). However,
the exogenous protein-induced neuropathic pain occurred in all three
participants of the study. Ultimately, this led to a halt of using BDNF
protein in clinical treatment [1,2]. After this initial attempt, AAV2-based
nerve growth factor gene therapy was used to treat AD. The phase I
results were promising [3], but unfortunately failed in phase II [4]. This
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Additionally, gene therapy remains some barriers to its use, after repeat
injection, the virus will be cleared by specific neutralization antibody
[5]. And the virus can integrate into the genome with potential carci-
nogenic risk [6]. Thus, new technology should continue to be tested.
Messenger RNA (mRNA) drugs showed strong potential in allowing high
protein expression with less side effects [7,8]. Given this, mRNA based
on non-viral delivery could be an alternative approach for neurotrophic
factors-based therapeutics.

An aging central nervous system is vulnerable to a host of problems,
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including epileptic seizure [9,10], inflammation [11], stroke [12,13]
and tumors [14]. In a trans-genetic murine brain model, BDNF protein
overexpression resulted in epileptic seizures [15]. In addition, high
serum levels of BDNF protein were highly related to both seizure
occurrence and severity. This was revealed with samples from 260 pa-
tients who were experiencing seizures [16]. Direct delivery of BDNF
protein into the whole brain can cause seizures. On the contrary, BDNF
gene specifically delivered to astrocytes instead of the whole brain by
involving astrocyte-specific promoter (GFAP) does not result in seizure
activity, and it has good therapeutic potential for use in AD by selective
astrocyte delivery [17]. As for mRNA-mediated delivery, this approach
has been successfully used to target the liver, lung, and spleen [18-21].
Targeting specific cells may remain challenging if using material mod-
ifications alone. However, when 3'UTR sequences of mRNA were
modified with cell-specific miRNA target sequences, the mRNA only
translated in the certain cell types [22]. Cell type-specific miRNA could
be identified using high-throughput sequencing. After that, mRNA
achieved cell-specific transcription by adding miRNA target sequences.
This pattern of highly accurate delivery to specific cell types would
unlock previous limitations and lower the side effects of treatment.
The instability of mRNA remains a challenge for its clinical appli-
cations. Past work has shown that mRNA secondary structures are
formed by base pairing and contribute to protein expression [23]. Un-
paired RNA sequences form loop structures, including multiloops, in-
ternal loops, hairpin loops, and bulge loops [24]. These loop structures
increase the instability of mRNA, as they are more easily broken by
RNase. This is due to lack of hydrogen bonds and their concurrent
protection [24]. By optimizing synonymous codons, the mRNA sec-
ondary structures would change based on changing base-pairing. This
could potentially lead to improved stability. The development of artifi-
cial intelligence (AI) accelerated the Covid-19 mRNA vaccine develop-
ment, which can be approved by FDA within a year. The Moderna used
Al to design the mRNA sequences, and it increased the mRNA generation
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quantity from 30 per month to 1000 per month. Pfizer also applied the
Al algorithm to whole process of the vaccine development from
sequencing design to manufacturing and clinical trials. However, those
Al algorithms need supercomputing capacity, which is hard to access for
research groups. Another Al algorithms, Linear Design, for mRNA sec-
ondary structure can achieve similar results with more stable mRNA and
higher protein expression[25]. Thus, this user-friendly Al algorithm
should be applied for modification of mRNA sequences.

A wide variety of materials in nucleic acid delivery have been
developed, including poly(L-lysine) (PLL), Polyethylenimine (PEI), poly
(B amino esters) (PBAE) and others [26-29]. PBAE offers three notable
benefits in comparison to other materials. First, it has good biocom-
patibility and biodegradability. Second, PBAE exhibits good perfor-
mance in transfecting various types of cells. Third, it can be easily to
synthesize by Michael addition of amines to acrylates, so the large
polymers library can be easily built [30].

Here, we designed two PBAE polymers as suitable for delivering
mRNA directly to the central nervous system (CNS) by brain ventricle
pumping. We then applied Al algorithm (Linear Design) to BDNF mRNA,
for a more stable mRNA with higher transcription level. When used in
vivo and as expected, mice experienced seizures as highly translation of
BDNF mRNA. To solve the problem of neuronal over-activation, 3'UTR
was modified with the neuron-specific miRNA-124 target sequence. In
this way, engineering mRNA delivered into the neurons was degraded
by miRNA. Whereas, mRNA was normally expressed in astrocytes.
Finally, astrocytes released the BDNF to support neurons, thereby
improving the memory of APP/PS1 double transgenic AD model mice
(Fig. 1).
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Fig. 1. Schematic illustrating the process of BDNF mRNA treatment for Alzheimer’s Disease. The mRNA secondary structure was modified by AI algorithms to
be more stable and more resistant to the RNase. After the addition of the PBAE, the nanoparticle was intrathecally injected and endocytosed into the cells. Due to
negative side effects of BDNF administration (e.g., neuronal overexcitation and seizure), 3'UTR of the mRNA was modified by adding the neural-specific miRNA
target sequence. When the mRNA was endocytosed into the neurons, the mRNA was degraded by miRNA. Importantly, the mRNA could still be translated into protein
in the astrocytes. BDNF protein was then released and activated the receptor on the neurons to protect them from death.
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2. Experimental section
2.1. mRNA synthesis

All mRNA sequences were designed based on previously published
work [31]. Briefly, the CDS region was used instead of GFP or BDNF. The
complementary sequence of miRNA-124, ggcattcaccgcgtgectta, was
added to the 3'UTR. The target mRNA sequence was added to the
pBluescript II KS (-) plasmid (Genscript Biotech Corporation). For the
linear model of DNA, the circle plasmid (10 ng) was amplified by Q5
high-fidelity DNA polymerase (New England Biolabs), and purified
using the QIAquick PCR purification kit (QIAGEN). IVT mRNA synthesis
was performed using HiScribe™ T7 ARCA mRNA Kit (with tailing) (New
England Biolabs), with 1.25 mM Pseudo-UTP and 5mCTP (APExBIO) in
the final step. After, mRNA was purified by Monarch RNA Cleanup Kits
(New England Biolabs). The mRNA was quantified using Nanodrop 2000
(Thermo Fisher Scientific) and stored at —80 °C until later use. Lucif-
erase and GFP mRNA were both purchased from APExBIO.

2.2. PBAE-111 and PBAE-211 synthesis

PBAE polymers were synthesized using a two-step process as previ-
ously described [28]. In the first step, the backbone was mixed using
(B),1,4- butanediol diacrylate or ((propane-2,2-diylbis(4,1-phenylene))
bis(oxy)) bis(2-hydroxybutane-4,1-diyl) diacrylate and side chain (S), 4-
amino-1-butanol in a 1.1:1 ratio. These two monomers were mixed and
reacted under magnetic stirring at 90 °C for 24 h.

Acrylate-terminated polymers were dissolved in DMSO. Amine end
capping reagent (E), pentane-1,3 diamine (molar ratio B: S: E =
1.1:1:10) were used to modify the polymer ending in THF under mag-
netic stirring at room temperature for 2 h. After being washed with
diethyl ether, the polymers were lyophilized. Polymers were dissolved in
DMSO at a concentration of 100 mg/mL and were stored at —20 °C until
later use [32,33].

2.3. mRNA secondary structure modification

The mRNA secondary structure was modified based on the Line-
arDesign (Baidu Inc., https://rna.baidu.com/) and the CDS sequence
obtained from NCBI (Reference Sequence: NM_001143805.1). The
whole mRNA sequence or amino acid sequence was pasted in Line-
arDesign. The beam size ranged from 25 to 50 according to mRNA
lowest minimum folding free energy change and secondary structures.
Visualization and pairing prediction were based on LinearFold and
LinearPartion (Baidu Inc.).

2.4. Nanoparticles formation

Polymers (PBAE-111, Mw = 7000 Da; PBAE-211, Mw = 6600 Da)
were diluted in NaAC buffer (25 mM, pH = 5, Merk) from stored poly-
mers solution (100 mg/mL); mRNA (200 ng/well in 96-well plates and 1
pg/well in 24-well plates) were also dissolved in the same quantity of
NaAC buffer. The ratio between PBAE and mRNA was 80:1 (w/w) in
PBAE-111 and 60:1 (w/w) in PBAE-211. Then, mRNA and PBAE were
mixed by pipette and left undisturbed for 10 min. Before transfection to
cells, 5x volume of buffer DMEM with 3 mg/mL BSA (Merk) was added
to the mixture. As for mice brain injection, the mixture was then
lyophilized to remove residual DMSO and stored at —80 °C until later
use. The mixture was diluted with artificial cerebrospinal fluid (aCSF,
Leagene Biotechnology) and 3 mg/mL BSA.

2.5. Physical and chemical properties of nanoparticles
The nanoparticles were made by vigorously mixing PBAE and mRNA

in NaAC (25 mM) for 10 min, after which the mixture was diluted with
pure water or PBS to determine the Zeta potential and particle size. The
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nanoparticles were characterized according to their diameters, surface
charge, and morphology. Zeta potential and nano-size were measured by
Zetasizer Nano (Malvern Instruments Ltd.) The morphology was deter-
mined using a transmission electron microscope (JEM-1400plus at 80 kV
in Shanghai Tech University); 1H NMR was used for identification and
was performed at Shanghai Tech University. Gel Permeation Chroma-
tography of the polymer (GPC) was carried out in tetrahydrofuran (THF)
utilizing a Malvern Viscotek TDAmax detection system. Samples were
filtered over 0.22 pm filters before injection using a 1.0 mL/min flow
rate. Molecular weights were determined by comparing to a linear
polystyrene standard.

2.6. Cell culture

Mice primary neurons, primary astrocytes, 293T and neuron cell line
SH-SY5Y were used in this study. For primary neurons, the cells were
prepared following previously published protocols [34]. Briefly, preg-
nant ICR mice (day 15-17) were sacrificed and embryos were collected
on ice in Hank’s balance salt solution (HBSS; Gibco, Life Technologies).
Two sterile injection syringes were used to dissociate the cortex from the
encephalon. Brain tissue was dissected mechanically using a Pasteur
pipet (Nest) into single cells and plated in 10% fetal bovine serum
(Gibco, Life Technologies) in DMEM (Gibco, Life Technologies). After
changing the culture medium by Neurobasal and 2% B27 (Gibco, Life
Technologies), neurons were allowed to culture for additional two days
and were then ready for experimental use. For primary astrocytes, cells
were derived from P1 mice pups. The single-cell isolation technique was
similar to the process used for neurons. After plating in 10% FBS DMEM
for 4 h, the culture medium was changed. After 7 days, the T75 flask was
centrifuged at 180 rpm for 2 h to remove microglia [10]. 293 T, SH-SY5Y
cells were cultured in DMEM with 10% FBS. All cells were incubated at
37 °C in a humidified atmosphere of 5% CO; and 95% air.

2.7. Luciferase assay in vivo

ICR mice (4-6 weeks, Jiesijie) were housed in a temperature-
controlled room on a 12 h light/12 h dark cycle with ad libitum ac-
cess to food and water. The ethical approval was obtained from the
Fudan University (2021-04-HSYY-SZF-001). Mice were anesthetized by
isoflurane and a small hole (1 mm) was drilled in the cranial bone on the
top of the injection site. mRNA (3 pg in 5 pL) was then slowly injected
(0.5 pL/min) into the ventricle using a stereotaxic apparatus (X = 1 mm
Y =-0.58 mm Z = 2.0 mm from bregma). The skin was carefully sutured
and the mice were allowed to recover on a heating pad. After different
amounts of time post-mRNA injection (8 h, 24 h, 36 h, and 48 h), mice
received an intraperitoneal injection of D-luciferin potassium salt
(Solarbio) to visualize in IVIS Lumina LT (PerkinElmer Inc.). The dose of
D-luciferin was determined according to the mouse’s individual weight
(150 pg/g). Data were analyzed by Living Image® Analysis Software
(PerkinElmer Inc.).

2.8. Agarose gel electrophoresis

Agarose powder (Biosharp) was mixed with 1x TAE (1% w/v). After
heating, GelRed® Nucleic Acid Stain (Millipore) was added. The sam-
ples of mRNA or mRNA with PBAE were added to the gel with assistance
of loading buffer (Thermo fisher). The gel was run at 120 V for 30 min
and then visualized using UV (Tanon).

2.9. Immunostaining

Cells were fixed in 4% PFA, rinsed with PBS, and then permeabilized
with 0.5% Triton X-100. Cells were then blocked with 3% serum (Boster)
for 30 min and incubated with the following primary antibodies: anti-
His tag (1:100, Proteintech), anti-BDNF (1:100, Boster), and anti-p-
TrkB (1:100, Bioss) antibodies. Cells were then incubated with
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secondary antibodies (1:100, Abbkine) for 1 h; nuclei were counter-
stained with DAPI (Boster). Images were obtained and analyzed using
fluorescence microscopy (IX71; Olympus).

2.10. Cell transfection

Primary cells were plated (15,000 cells/well in 96-well plates or
50,000 cells/well in 24-well plates) or SH-SY5Y cells (8,000 cells/well in
96-well plates or 30,000 cells/well in 24-well plates) 2 days before use.
The complex solution was then added into the wells (100 pL per well for
96 well-plates and 500 pL per well for 24 well-plates). Before changing
the culture medium, the plates were incubated in the incubator for 3 h
for neurons and 4 h for astrocytes. After 24 h, mRNA expression was
determined.

2.11. Calcium imaging

Astrocytes grew for 2-3 d to cover the 35 mm dish. Flou-4 AM
(Thermo fisher) was added at 3 pM (final concentration) and incubated
for 30 min. After that, cells were washed with extracellular solution
(Beyotime Biotechnology) and maintained at room temperature in the
dark until acquisition. During visualization, 50 mM KCI was used to
polarize the cell membrane potential and trigger vesicular release.

2.12. ELISA for BDNF

BDNF protein in the cells and culture medium was measured by a
commercially available ELISA kit (Boster). Cells were lysed using RIPA
lysis buffer (Beyotime). After centrifuging at 10,000 rpm for 5 min, the
supernatant was collected and stored at —80 °C until later use. The
culture medium was also stored at —80 °C until testing. The samples
were processed following the manufacturer’s instruction; the O.D.
values were measured in a multi-well spectrophotometer at 450 nm.

2.13. Immunohistochemistry for brain tissue

Mice were deeply anesthetized and transcardially perfused with 4%
PFA. Coronal sections of the hippocampus region were taken (10 pm
thick). The following primary antibodies were used: anti-PSD-95 (1:200,
Abcam), anti-pTrkB (1:100, Bioss), and anti-BDNF (1:100, Boster) an-
tibodies. After rinsing with PBS, secondary antibodies (1:100, Abbkine)
were applied and incubated for 60 min at room temperature. DAPI
(Boster) was used as a nuclear counterstain. Fluorescence microscopy
was used for all imaging.

2.14. Mouse surgery

APP/PS1 mice (9 months, Ailingfei Biotech) were housed as previ-
ously described. Fur was shaved and 75% ethanol was used to clean the
skin on the surgical site. A 1.5 cm incision was made in the middle of the
head and the tissues over the cranial bone were removed. The position
for the injection was marked on the skull and a small hole (1 mm) was
drilled. A microsyringe (32G) was used to first check the ventricle by
observing the CSF overflow. The brain infusion catheter (DURECT
Corporation) was then inserted into the ventricle and fixed by dental
cement. The end of the tube was blocked by kwik sil (World Precision
Instruments) to prevent bacterial infection in the brain. Importantly, the
surface of the cement and tube was covered with picric acid to prevent
being chewed by the mice.

2.15. Mouse mRNA injection

The PBAE-111 and mRNA lyophilized powder dissolved by aCSF (5
pL/mouse) with 3 mg/mL BSA before use. After mice were anesthetized
by isoflurane, ethanol was used on the micro-syringe to sterilize it. The
syringe was slowly inserted into the tube and the edge was sealed by
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parafilm. After, the injection speed was 1 pL/min, which was maintained
for 2 min until the end of the injection. Finally, kwik sil was used to
block the end of the tube to avoid bacterial infection. Picric acid was
applied to the surface of the catheter to prevent being chewed by the
mice.

2.16. Animal behavior tests

A month after mRNA injection, all behavioral tests were performed
in the following order: Light/dark box, object location, and 8-arm
mazes. Additional detail is provided below:

2.16.0.1. Light/dark box

The box contained two parts according to the intensity of light. The
light in light box was 350 Ix and in dark box was 2 Ix. The two parts were
connected by an aperture. Each mouse was released in the light box in
the same corner. The test was run for a total of 6 min and the total time
spent in each chamber was recorded. The mouse’s movements were
tracked, recorded, and analyzed using EthoVision XT (Noldus).

2.16.0.2. Object location test

Mice were released into an open field area (35 cm x 35 cm x 40 cm)
and habituated to the new environment for 10 min. The next day, two
patterns were placed on the open field arena. Each mouse was released
into the arena and allowed to explore for 10 min. The spatial memory
was tested after 24 h, with one pattern being moved to a new position.
Mice were allowed to explore the open field area and their movements
were tracked, recorded, and analyzed using EthoVision XT (Noldus).

2.16.0.3. 8-arm maze

The surrounding maze was marked with different graphs. The mice
were fasted before being tested, with food being placed in 4 arms as a
reward. Mice were trained to explore the maze and food for 10 min or
food had been eaten in the first 5 days. The test was performed on the
6th day and the mouse’s movements were tracked, recorded, and
analyzed using EthoVision XT (Noldus).

2.17. Statistical analysis

Data were processed using Graphpad Prism 9. The student’s t test
was used to analyze the two groups; for three or more groups, ANOVA
was used. Before ANOVA analysis, Brown-Forsythe test was used for
homoscedastic and Bartlett’s test was used for normal distribution,
respectively. Tukey test was used as post hoc test to compare difference
among groups. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.

3. Results
3.1. PBAE library scanning and identification

Cationic polymers PBAE are easy to synthesize and modified via
Michael addition (Fig. 2a). After scanning the PBAE library [33], we
identified both PBAE-111 and PBAE-211 as showing good potential for
mRNA delivery to neural cells. PBAE-111 and 211 both have a common
ending modification, pentane-1,3-diamine, and both polymers are
linear; the differences exist in the backbone since PBAE-211 contains
benzene. Mass spectra were identified, and these two polymers were
synthesized as designed (Figs. S1 and S2).

To achieve mRNA delivery, protonated PBAE (in 25 mM NaAc) was
electrostatically bound to anionic mRNA. The zeta potential of the
mRNA was —34 + 7.1 mV. After cationic PBAE-111 and 211 bindings,
the zeta potential increased to 28.3+5.2 mV and 35.5+6.7 mV,
respectively (Fig. 2b). The mRNA diameter size increased from 24.0
+5.7 nm to 142.3+43.4 nm and PBAE-211 54.9+15.8 nm when bound
to PBAE-111 and PBAE-211, respectively (Fig. 2c). Similarly, images
from transmission electron microscopy (TEM) showed similar diameters
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with laser diffraction particle sizes. These data also indicated the par-
ticles’ morphology was circle and homogeneously distributed without
accumulation (Fig. 2d).

To achieve nanoparticle distribution, the PBAE/mRNA complex was
cultured with BSA to form protein corona (Fig. S3c). The zeta potential
of the nanoparticle decreased to —3.53 + 0.82 mV in PBAE-111 and
—5.75 £+ 0.58 mV in PBAE-211 (Fig. S3a and b). After protein corona
formation, the complex became negative charge in surface and decrease
the zeta potential variation in cerebrospinal fluid (CSF).

And the ratio between mRNA and PBAE higher than 1:60 can achieve
high encapsulation efficiency (Fig. S5).

3.2. Transfection in vitro and in vivo

The PBAE transfection rate was tested in primary astrocytes and was
compared with classic cationic polymers—PEI and commercial LNP,
lipofectamine MessengerMax ™. Generally, PBAE-111 demonstrated the
highest GFP mRNA transfection efficiency across various concentrations
(28.24+4.0% at 100 ng, 42.4+4.7% at 200 ng, 55.7+3.0% at 300 ng and
65.13+4.3% at 400 ng). Comparatively, PBAE-211 had high trans-
fection efficiency at low mRNA dose (51.5+5.4% at 100 ng), but showed

100 ni 200 ni 300 n‘ 400 ni f 8 h

Fig. 2. Nanoparticle properties and transfection rates. (a) Synthetic process for PBAE B1S1E1 (111) and B2S1E1 (211). (b, ¢) Zeta potential (mV) and size
diameters (nm) of mRNA and mRNA mixed with PBAE-111, 211. (d) Representative TEM image of nanoparticles formed by PBAE 111 and mRNA. Scale bar = 200

nm. (e) The transfection rate of PBAE 111, 211, and PEI with different doses of GFP mRNA in primary astrocytes. scale bar = 200 pm. (f) Biodistribution and
transfection of luciferase mRNA by brain ventricle injection. B, Backbone; S, Side chain; E, Ending cap. (n = 3 biological repeats and 9 mice).

06

04

02

Radiance
(p/secicm?/sr)

low transfection (31.7+0.19%) at higher mRNA dose (Fig. 2e). The
PBAE-111 maintained good cell viability over a wide range of concen-
trations, with 99.3+4.0%, at 100 ng, 95.6+3.2% at 200 ng, 89.1+3.8%
at 300 ng and 73.2+3.2% at 400 ng. However, PBAE-211 showed
cytotoxic effects at dosages exceeding 300 ng (35.5+0.79% at 300 ng
and 29.84+0.73% at 400 ng) (Fig. S3d). MessengerMaxTM could achieve a
transfection rate of 38% with both 300 ng and 400 ng (Fig. S4a).
However, the classic cationic polymer PEI did not show any transfection
capacity in primary cells (Fig. S4b).

The transfection rates of the cationic polymers were then tested in
vivo. Luciferase (Luc) mRNA (3 pg) was mixed with PBAE-111, 211, and
PEI and then slowly injected into the cerebral ventricle. Given the cir-
culation of cerebrospinal fluid (CSF), Luc mRNA mixed PBAE-111 could
translate protein throughout the entire CNS, including brain and spinal
cord. The highest protein expression was 13.2+1.1 x 108 p/sec/ em?/srin
24 h and maintained for nearly 48 h. As for PBAE-211 delivery, mRNA
was only expressed locally. The highest expression of Luc at 8 h after
injection was 8.2+2.1x10° p/sec/cm?/sr, and was similarly maintained
for 48 h. As with cell transfection, PEI did not show Luc protein trans-
lation (Fig. 2f, Fig. S4c).

Collectively, these data showed two PBAE polymers that have good
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potential for CNS delivery. More specifically, PBAE-111 demonstrated
good transfection rate and wide distribution. Comparatively, PBAE-211
showed high transfection with low dose and was only ever locally dis-
tributed—even with cerebral ventricle injection.

3.3. mRNA secondary structure engineering

mRNA secondary structure was based on hydrogen bond between
complementary base pairs. When changing nearly 18.4% of synonymous
codons using Al algorithms, the structure of wild-type BDNF mRNA had
decreased numbers of loops and unstable single strands (red) (Fig. 3a).
The lowest minimum folding free energy change (MFE) increased from
—218.5 kcal/mol to —483.7 kcal/mol (Fig. 3b). Bases were connected

a Wild type Al design

b

(kcal/mol)
600

400+

Folding free energy

o

23°C

WT Al WT

37°C
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more locally instead of over longer distances (Fig. 3c), thus leading to
reduced numbers of loop structures. Overall, this enhanced the stability
of the mRNA. We then tested the mRNA stability in the presence of
RNase at different temperatures. The whole process of gel preparation
and use of EP tubes had no DEPC treatment to remove all RNase. Across
a wide temperature range (—20 °C to 37 °C), the AI-designed mRNA had
greater stability than the wild type (Fig. 3d). Importantly, this Al-
designed mRNA transcript had more targeted protein than wild type
(3135159 pg/mL vs. 2347+102 pg/mL) (Fig. 3e).

3.4. mRNA 3'UTR engineering

As expected, the seizure occurred in nearly 50% of mice after 8 h

600

I\

1 I
WT Al

Fig. 3. Mrna engineering and modified by ai. (a). Secondary structures of mRNA. Paired base (stable, green), single base (unstable, red), between these two
conditions (yellow). (b) Bar chart of lowest minimum folding free energy (MFE). (c) Chord diagram of mRNA base connection. Al contributed more base connections
to be more stable and connected with closer bases to decrease loops. (d) The stability of mRNA in the presence of RNase determined using gel electrophoresis. (e)
ELISA-quantified amount of BDNF protein expression. *p < 0.05. (n = 3 biological repeats).
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injection of the BDNF mRNA nanoparticle (Video 1). BDNF over-
expression in neurons has previously been shown to result in neuronal
overexcitation and seizure [16,35]. Given this, BDNF released locally by
astrocytes was planned to avoid excessive neuronal excitability. Thus,
we added a neural-specific miRNA-124 complementary sequence into
the 3'UTR (Fig. 4a). During the mRNA delivery into the neurons,
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miRNA-124 would guide the Ago2 protein to degrade the mRNA (Fig. 4b
and c). With the addition of 0-3 miRNA target regions, neurons
exhibited GFP expression of 18.5+0.8% in 0 target region, 8.6£0.5% in
1 target region, 3.8+0.3% in 2 target region, and 0.14+0.06% in 3 target
regions (Fig. 4d and e). As astrocytes lack miRNA-124, there was no
obvious difference in GFP expression in the 0-3 target regions (37.2
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Fig. 4. Mrna engineering and modified in3'UTR. (a) Structure of mRNA with 3'UTR modification. (b) Mechanism illustrating mRNA degraded by miRNA when
the target was inserted into the UTR. (c) Engineering mRNA could achieve neuron de-target delivery. (d) The GFP mRNA modified with 0-3 miRNA-target regions
and delivered, showing the degradation in primary neurons and translation in primary astrocytes. (e) Bar chart of engineering GFP mRNA translation in primary
neuron. (f) Bar chart of engineering GFP mRNA translation in primary astrocytes. miTR, miRNA translational target region. Scale bar = 200 pm. *p < 0.05. (n = 3

biological repeats).
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+2.2%, 25.14+2.7%, 33.1+1.7%, and 35.5+2.1%, respectively) (Fig. 4d
and f). After the mRNA 3'UTR engineering, the BDNF mRNA nano-
particle would not trigger the mice seizure, monitored by camera for 24
h.

3.5. BDNF expression in vitro

BDNF protein expression was tested at three levels. First, the BDNF
mRNA with a 6x His tag was transfected into 293T cells (i.e., cells with
no intrinsic BDNF expression). The protein was expressed in 293T cells
and could be stained with both anti-His and anti-BDNF antibodies.
Immunofluorescent (IF) staining His tag (red) co-localized with BDNF
protein (green) (Fig. 5a). Thus, BDNF mRNA correctly translated into
protein. Second, BNDF mRNA could translate the protein of interest in
astrocytes. Finally, we tested the ability of astrocytes to release BDNF
protein. A trans-well model was established, with the upper layer being
astrocytes and the lower layer being neurons (Fig. 5b). The quantity of
BDNF released in the culture medium was measured by ELISA, and the
activation of TrkB receptors in neurons was identified using IF staining.
Neurons could be activated by the release of BDNF by transfected as-
trocytes. More specifically, the His tag was evident in nearly all neurons
and p-TrkB (Y817) (green) was activated. In the absence of BDNF mRNA
or in appearance of BDNF mRNA negative control (no cap and no polyA
tail), astrocytes were unable to activate the neurons in the trans-well
model (Figs. S6 and S7). Generally—and after three levels of tes-
ting—the BDNF mRNA could correctly translate into protein and

Sl 2937 Dapi BDNF
Astrocyte Dapi BDNF

Neuron Dapi

Washing
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efficiently activate the neurons.

3.6. BDNF release rate

BDNF protein was released with a Ca®* trigger [36]. The vesicles for
BDNF release were visualized by Flou-4 AM, which is a type of calcium
indicator. Finally, 50 mM potassium chloride [37] was used to depo-
larize the astrocytes and trigger BDNF release. The whole process was
completed in 15 s per once. The vesicles formed in the central soma and
then moved to the cell membrane before released by exocytosis (Fig. 5¢
and Video 2). The release of BDNF in the culture medium primarily
occurred during the first two days. Typically, the Object location tests
are used on astrocyte released BDNF at a rate of 43.5+3.4 pg mL
day~l. After PBAE treatment, the level of BDNF exocytosis was 36.6
+3.4 pg mL~! day ! (p > 0.05). This result indicated that PBAE did not
affect astrocyte exocytosis. As for BDNF mRNA (both 0 miRNA target
region and 3 miRNA target regions), half of the total BDNF protein was
released on the two days at 1226+43.82 pg mL ™! day land 1233+99.8
pg mL~! day !, respectively. BDNF mRNA transfected astrocytes had
higher protein levels (approximately 15 x relative to control); moreover,
this BDNF protein release was maintained for 4 days (Fig. 5d).

3.7. BDNF protected neurons from af
Next, we tested the effect of BDNF-derived astrocytes on neurons.

The viability of neurons was measured when exposed to p-amyloid
25-35 (ap, AD’s toxic agent) in the previously described trans-well
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Fig. 5. BDNF mRNA expression and release rate. (a) BDNF mRNA expressed in 293 T and astrocytes (BDNF in Green and His tag in Red). Neuron was activated by
released BDNF in a trans-well model (p-TrkB in Green and His in Red). (b) Trans-well model illustration, with the upper layer containing astrocytes with mRNA
transfection and the lower layer containing neurons. The BDNF released from astrocytes could cross the membrane into the lower layer. (c) Visualization of BDNF
vehicles released from the cells by calcium sensor. Scale bar = 200 pm. (d) Quantity of BDNF released by ELISA, tested within 5 days. (e) Neuronal viability with
p-amyloid in the trans-well co-culture model. *p < 0.05; ****p < 0.0001; ns, p > 0.05 (n = 3 biological repeats).
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model. When treated with ap, the lowest cell viability was 60.3+4.7%
when compared with control. When astrocytes were co-cultured with
impaired neurons, the cell viability was enhanced to 75.7+2.0%. In
addition, with assistance from BDNF, the cell viability was restored to
88.0+1.4% (Fig. 5e). As for neuronal proliferation, 5-ethynyl-2'-deox-
yuridine (EdU)—a thymidine analog—was incorporated into newly
synthesized DNA. An EdU assay indicated ap-impaired neuron prolifer-
ation; more specifically, the percentage of EdU-positive cells went down
from 48.2+5.2% to 26.7+4.0%. After co-culture with astrocytes or
BDNF mRNA transfected astrocytes, neuronal proliferation was rescued
to 34.5+1.2% and 45.1+4.2%, respectively (Fig. S8).

3.8. Ventricle injection and biocompatibility

The APP/PS1 trans-genetic mice (>9 months) were used as the AD
model. For the future clinic application, a brain infusion catheter system
was developed, which was like Ommaya reservoir for replacing intra-
thecal injection. It was inserted into the brain ventricle guided by a
stereotaxic apparatus (Fig. S9a and b). Drug in the microliter amount
was hard to accurately deliver into the ventricle, owing to the air bias (i.
e., space between the syringe and tube). Given this, we tested several
patterns of injecting. This included sealing by parafilm and filling
mineral oil (Fig. S9). This resulted in 5 pL fluid injection, which was
assisted by parafilm and mineral oil. The quantity of fluid was measured
on the ventricular end. Using parafilm to seal the border of the tube
solved the injection difficulties (No seal vs. Parafilm vs. Parafilm and
0Oil, 0.16+0.1 pL vs. 4.440.1 pL vs. 6.1+0.2 pL, respectively).

To test the mRNA/PBAE biosafety, nanoparticle was injected into the
ventricle. After, H&E staining on major organ slices was used to estimate
any obvious signs of damage (Fig. S10). There was no evident necrosis,
inflammation, or edema in the organs.

3.9. BDNF improved behavior in vivo

After the catheter was implanted into the ventricles of aging mice,
mice were allowed to recover for a month. After this recovery period, 5
continuous injections were administered every 5 days (Fig. 6a).
Behavioral tests were then conducted, including 8-arm maze test, dark/
light box, and object location test on day 65. Before the 8-arm maze test,
food rewards were placed in 4 arms and the mice were trained for 5
days. AD mice showed better memory with treatment, with the low dose
(1.5 ng mRNA) and high dose (3 ug mRNA) contributing to better maze-
performing behavior. This was determined by total entrance times
ranging from 15.3+0.9 in the control group to 8.5£1.0 in low dose
group and 8.8+1.4 in the high dose group (p < 0.05). The total entrance
times of aging wild type mice was 5.5+0.65, and there was no signifi-
cant statistical difference between low and high dose groups. Reference
memory error (i.e., entrance into the wrong arm without food rewards)
improved from 7+0.9 times (control) to 3.8 times (both low and high
dose groups), and there was no significant statistical difference with
wild type group (1.25+0.6 times) and mRNA treatment groups. In
addition, working memory error (i.e., entrance into the same arm,
excluding the first entrance) enhanced the behavior from 4.75+1.0
times (control) to 1.3+0.75 times (low dose), 0.5+0.3 times (high dose)
and 0.25+0.25 times (wild type) (Fig. 6b and d).

Object location test was used to assess the mouse spatial memory
skills. Based on the inherent exploring behavior of mice, mice generally
spend longer time exploring a novel object. After BDNF treatment, mice
recognized a familiar object, even when it was moved to a new location.
As a result, they spent less time with the familiar object (old duration/
new duration, WT vs. Con vs. Low dose vs. High dose, 1.34+0.19, 4.2
+0.7, 1.740.1, and 1.3+0.1) (Fig. 6e and g).

Besides memory, anxiety was also explored using a light/dark box.
When feeling anxious, mice prefer a dark environment rather than a
light one. BDNF treatment had no effect on anxiety level (control vs. low
dose vs. high dose, 120.44+9.5 s, 131.5+8.5 s, and 120.5+8.6 s).
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However, the wild type group showed higher exploration time in light
box (191.8+14.1 s) (Fig. 6f and h).

The level of BDNF in CSF after low and high dose mRNA treatment
could persist nearly half a month, from 2654+61.1 pg/mL (high dose)
and 2136+137 pg/mL (low dose) on day 1 slowly decreased to 1591
+99.5 pg/mL (high dose) and 1201+87.8 pg/mL (low dose) on day 15,
respectively. The BDNF protein in wild type and control group was 1732
+152.6 pg/mL and 905.9+33.9 pg/mlL, respectively (Fig. S11). The
BDNF mRNA may have an effect of positive feedback loop in brain,
thereby triggering the endogenous BDNF expression.

3.10. BDNF activated downstream pathway in vivo

CAl and CA3 regions in the hippocampus are known to be highly
related to spatial memory [38]. Postsynaptic density protein 95 (PSD-
95) has been shown to be involved in synaptic transmission and blocks
ion-flux-independent long-term depression (LTD), which is a process
that enhanced the connections between neurons to encode memory.
This contributes to the mice’s spatial memory [39]. After a month of
BDNF mRNA treatment, BDNF activated its receptor TrkB and resulted
in phosphorylation. After TrkB receptor activation, it modulated the
synaptic plasticity by PI3-K/Akt pathway. Examination of brain slices
indicated the p-TrkB (Y817) expression was highly related to BDNF
mRNA dose in both CA3 and CA1 regions (Fig. 6¢). Similarly, PSD95
expression was coincidental with p-TrkB (Fig. 6¢). Thus, BDNF had a
positive effect on its downstream pathway and PSD-95 expression.

BDNF also protected neurons from degradation. However, compared
with the control group, the low and high dose groups did not show a
significant decrease in FJB-positive cells (i.e., cells that are degraded)
(Fig. S12). This may have resulted from either short-term treatment or a
low rate of neural degradation.

4. Discussion

We have described here a BDNF mRNA delivery system for CNS
application. The mRNA engineering by AI and miRNA target region
achieved higher transcription and de-targeted neurons. Currently, tar-
geted delivery of mRNA to liver, spleen, and lung have been achieved
[40-42]. However, delivery of mRNA across the blood-brain barrier
(BBB) remains challenging, even with specific modifications like pep-
tides, adaptors, and/or antibodies [43]. With the development of cath-
eter tubing and programming pump in hydrocephalus, an intrathecal
injection could be easily achieved to allow nanoparticles crossing the
BBB and be delivered into the CNS [44]. This study also modified the
3'UTR with neuron-specific miRNA complementary sequence. After
endocytosis into the neurons, mRNA would be cleaved by the miRNA-
124 guide. Apart from neurons, engineering mRNA was translated into
protein in the cells with negligible amounts of miRNA-124.

Al has been involved in all parts of drug research and development,
including design, screening and prediction [45,46]. In this study, we
applied an Al algorithm to linearize the mRNA structure. This led to an
increase in resulting protein expression by almost one-third. Moreover,
Al-predicted and assisted protein drug design has been established only
recently [47-49]. After the peptide or antibody was designed, the cor-
responding mRNA was synthesized and translated into the target protein
with low cost and high efficiency. Thus, combining mRNA technology
and AI would allow a shortening of the process from protein drug dis-
covery to application.

Since its discovery in 1956, BDNF has good potential for the treat-
ment of neurodegenerative diseases [50,51]. However, BDNF induces
neuropathic pain and seizures when directly injected into the CNS
[16,35]. The viral delivery of the BDNF gene—instead of the BDNF
protein itself—was then developed. Nevertheless, the genotoxicity and
immune clearance of the AAV delivery vehicle remained significant
limitations [4,52].

At present, mRNA technology offers a way to achieve high level of



H. Lietal Chemical Engineering Journal 466 (2023) 143152

Ventricle Injection Behavior lest

L ¢ddded | '

Surgery 30_35 40_45 50 65
APP/PS1
Aging mice Daye
J

CA3 CA1 y

Food Rewards

|/
Pr— :\‘..‘\_7 ’i;m
/ I’ N\
¥ WT [‘! Con
f
A ;
Low || High'
%k %k
*
< * 3k
E
b
10—
o
=
C
-
= 5+
wi
0 ] L] L] ] ) 1 L] L] ) L] ] L]
WT Con LowHigh WT Con LowHigh WT Con LowHigh
Total Ref Working

e g o h * kK

| ns
— kK | —
T | — o
P ! 24h e 'ﬁ
¥ / [ 1 Kk ns ns
— **% k% NS cas
— rsq e i Teq [
" ) =
f — £ 5 ,:., 200
°
b o 4 2 150
= ®
0 5| g
B 3 1004
o
c 29 £
S o 50+
= 1 =
o
g 0 T T T T 0 T T T T
WT Con Low High WT Con Low High

Fig. 6. BDNF mRNA delivery in a mouse model of AD. (a) Ventricle catheter system model in AD mice and treatment schedules. (b) Mice behavioral tests in 8-arm
maze and their movement tracking. Arrows indicate food rewards. (c) Immunostaining of brain slices (p-Trkb in red and PSD 95 in green). Scale bar = 100 pm. (d)
Bar charts of 8-arm maze results. (e, g) Object location test illustration and bar chart. Duration ratio is the time ratio of mice explored the old and new objects. (f, h)
Light/dark box and bar charts. Light duration was the time that mice spent in the light zone. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; and ns, p > 0.05 (n
= 16 mice).

10



H. Lietal

protein expression (e.g., 15x higher than normal astrocytes) and an
achievable treatment approach. Also, the high expression of BDNF
resulted in significant side effects, including neuronal excitotoxicity and
symptomatic seizures. Some of these limitations were solved by 3'UTR
modification to de-target the neuron for delivery, and it changed the
BDNF secretion ways from neural autocrine to astrocytes’ paracrine.
Importantly, this modification pattern could achieve one or more spe-
cific cell types to de-target. Specifically, we successfully de-targeted
neurons using miRNA-124. This approach could also achieve de-
targeted astrocytes by using an astrocyte-specific miRNA. Similarly, a
series of neuron- and astrocyte-specific miRNA sequences could be
employed to deliver just to microglia. Promisingly, this 3'UTR pattern
may be applicable to glioma treatment by delivering toxic protein into
the glioma cells without affecting neuron.

The two different mRNA doses—1.5 pg and 3 pg—used in this study
did not show a significant difference in behavioral tests. This phenom-
enon was similar to what was observed with previous COVID-19 mRNA
vaccine. Moderna vaccine mRNA-1273 doses (250 pg, 100 pg and 25 pg)
were used in the clinical trials [8]. Similarly, three BioNTech vaccine
BNT162b2 doses (100 pg, 30 pug and 10 pg) were also tested in trials [7].
Both of these companies ultimately chose the lower doses of mRNA (100
pg in mRNA-1273 and 30 pg in BNT162b2) to market. These results
indicated the similar phenomenon with our behavior tests results.

In conclusion, PBAE exhibit potential for use in CNS delivery. These
polymers are easy to formulate with mRNA or DNA nanoparticles with a
simple and quick approach. Based on this PBAE-mediated delivery,
previous studies have shown tumor treatment [53], CAR-T [54], base
editing [33], and stem cells therapy [55]. In this study, both PBAE-111
and 211 were selected for mRNA delivery in CNS. Both had good
biocompatibility and high transfection rates. Importantly, these two
polymers showed different application purposes. To this end, PBAE-111
allows for brain and spinal cord transfection using ventricular injection,
thereby allowing for larger lesion areas to be targeted. PBAE-211 is
another effective and focused local delivery agent and would be most
useful for a focal lesion. Collectively, these two PBAEs would cover a
great number of neurological and neurodegenerative diseases.

5. Conclusion

In this paper, we identified PBAE-111 as suitable for mRNA delivery
into the CNS. We used an Al algorithm and 3'UTR modification to
enhance the protein expression while also achieving de-target delivery
to neuron. This approach enabled enhanced memory in a mouse model
of AD. To summarize, this study developed a low-side-effect neuro-
trophic factor mRNA therapy for treating neurodegenerative diseases.
Engineering mRNA drug provides a de-targeted delivery approach for
treating neurological and neurodegenerative diseases by targeting spe-
cific cell types.
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