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Owing to messenger RNA’s unique biological advantages, it
has received increasing attention to be used as a therapeutic,
known as mRNA-based gene therapy. It is critical to have an
ideal strategy of mRNA gene therapy for glioma, which grows
in a special environment. In the present study, we screened
out a safe and efficient transfection reagent for intracranial
delivery of synthetic mRNA in mouse brain. First, in order
to analyze the effect of different transfection reagents on
the intracranial delivery of mRNA, the synthetic luciferase
mRNA was wrapped with two different transfection reagents
and microinjected into the brain at the fixed point. The
expression status of delivered mRNA was monitored by a
small animal imaging system. The possible reagent-induced
biological toxicity was evaluated by behavioral and blood
biochemical measurements. Then, to test the therapeutic ef-
fect of our intracranial delivery mRNA model on glioma, syn-
thetic modified tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) mRNA was used as an example of
therapeutic application. This model demonstrated that syn-
thetic mRNA could be successfully delivered into the brain us-
ing commercially available transfection reagents, and
TransIT-mRNA showed better results than in vivo-jetPEI
kit. This model can be applied in precise targeting and
personalized gene therapy of glioma.

INTRODUCTION
DNA-based gene delivery has been widely used in most preclinical
and clinical studies of gene therapy, in which plasmids and viral
vectors are commonly utilized as target gene carriers. However,
the use of DNA-based gene delivery has been limited by its draw-
backs, especially the possibility of insertional mutagenesis and tar-
geted cells restricted on the dividing cells.1 It is critical to explore
a safe and efficient gene delivery system for gene therapy. Owing
to the unique biological nature of messenger RNA (mRNA), it
has received great attention for use as a therapeutic, known as
mRNA-based gene therapy. Synthetic mRNA drugs provide an
approach in which the robust and tunable production of a therapeu-
tic protein is possible, by avoiding the need for costly manufacturing
of proteins in bioreactors. Associated with these unique features is
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the vision that utilizing synthetic mRNA will help address chal-
lenges in newly emerging technologies such as targeted genome en-
gineering, generation and reprogramming of stem cells, as well as
production of on-demand personalized vaccines. Clinical trials
have investigated naked or protamine-complexed mRNA vaccines
that are delivered either intradermally or intramuscularly.2,3 The
subsequent coronavirus disease 2019 (COVID-19) pandemic rapidly
affected the health and economy of the world, and the production of
in vitro synthetic mRNA-based vaccines is a promising recent devel-
opment in the production of vaccines; relying on its unique advan-
tages, in vitro synthetic mRNA-based vaccines have been developed
and entered clinical trials faster than other vaccine products.4–6

Immunotherapy with DCs(Dendritic cells) electroporated with syn-
thetic mRNA was shown to be safe in patients with cancer.7,8 The
mRNA can be translated into therapeutic proteins or peptides in
the cytoplasm without entering the nuclei, so that it is able to
work on both static and dividing cells without the risk of insertional
mutagenesis in the host cells. The main concern about mRNA’s
therapeutic application is its relative short life span inside the cell.
In recent years, along with the discoveries of 5’ mRNA anti-reverse
cap analogs (ARCAs), poly(A) tails, and the insertion of additional
untranslated regions, foreign mRNA’s stability and translation effi-
ciency can be significantly enhanced in host cells. In addition, it is
easy to transfect into target cells, because the construct size of syn-
thetic mRNA is much smaller than that of corresponding DNA
plasmid. The novel modified mRNA constructs have become
thor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Synthetic Luc-mRNA and TRAIL-mRNA transfection into 293T cells

(A) Bioluminescence was measured at 12 h, 24 h, and 48 h after Luc-mRNA

transfection using a small animal image system. Radiance value represents the

expression of transfected Luc-mRNA in 293T cells. (B) The expression of trans-

fected TRAIL-mRNA in 293T cells was detected using western blot at 12 h after

TRAIL-mRNA transfection.
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more attractive alternatives to the most commonly used DNA-based
gene carriers.

Glioblastoma multiforme (GBM) is the most common and deadly
malignant primary tumor of the brain. Despite the progressive devel-
opment of surgical techniques and adjuvant therapies, the therapeutic
outcomes of GBM treatment have remained unsatisfactory for de-
cades. In addition to GBM’s biological features, such as complex
cellular composition, diffuse invasiveness, and capacity to escape con-
ventional therapies, the existence of blood-brain barrier (BBB) and
brain-tumor cell barrier (BTB) in the brain further increases the
intractability of GBM.9 Therefore, under certain circumstances, intra-
cranial injection of synthetic mRNA may be an ideal choice for the
treatment of gliomas.

TNF-related apoptosis-inducing ligand (TRAIL) selectively bound to
the death receptor 4 (DR4) and death receptor 5(DR5), and induced
the apoptosis pathway in tumor cells leading to tumor cell death.10

Because of drug resistance, off-target toxicities, short half-life, and spe-
cifically in gene therapy due to the limited uptake of TRAIL genes by
cancer cells,11 In the present study, we screened out a safe and efficient
transfection reagent for intracranial delivery of synthetic mRNA in
mouse brain. Meanwhile, we used this method to deliver TRAIL-
mRNA, which significantly inhibited the growth of intracranial gli-
omas. This mouse model of intracranial delivery of synthetic mRNA
could provide additional options for mRNA-based gene therapy.
RESULTS
Expression verification of synthesized Luc-mRNA and TRAIL-

mRNA

The expression of luciferase mRNA (Luc-mRNA) and TRAIL-mRNA
was verified in 293T cells. All transfection procedures were performed
using the TransIT-mRNA kit, after transfection of 293T cells with
Luc-mRNA, the bioluminescence was detected at 12 h, 24 h, and
48 h using the IVIS Spectrum system. The luciferase expression was
maintained for at least 48 h (Figure 1A). To verify the expression of
TRAIL-mRNA, TRAIL-mRNA was transfected into 293T cells and
detected by western blot. As shown in Figure 1B, the expression of
TRAIL was highly upregulated by TRAIL-mRNA transfection.
Establishment of intracranial delivery synthetic mRNA model

Due to the special structure of brain and the existence of BBB in the
brain, there is no good animal model of synthetic mRNA for gene
therapy, the main reason being that there is no suitable mRNA
transfection reagent for intracranial delivery of mRNA. In order
to solve this problem, the two commercially available transfection
reagents, in vivo-jetPEI from Polypus Transfection and TransIT-
mRNA from Mirus, which have not been used for intracranial
mRNA transfection before, were used for the intracranial mRNA
delivery. As shown in Figure 2, the intracranial injected synthetic
Luc-mRNA was successfully expressed either with jetPEI or with
TransIT-mRNA. The peak bioluminescence signals of Luc-mRNA
injected with these two reagents appeared in 12 h after intracranial
injection (Figures 2A and 2B). However, the bioluminescence inten-
sity produced by Luc-mRNA delivered with TransIT-mRNA was
significantly higher than that produced by Luc-mRNA delivered
with jetPEI at every time point. As shown in Figure 2C, the duration
of luciferase expression was much longer in Luc-mRNA injection
with TransIT-mRNA (60 h) than that in Luc-mRNA injection
with jetPEI (36 h).

Because TransIT-mRNA transfection effect and duration were better
than jetPEI, we then explored its optimal transfection dose. The re-
sults showed that a 1 mg/20 mL (mRNA/TransIT-mRNA) system is
the best transfection dose. The peak bioluminescence signals could
reach 3.682� 104 at 12 h after intracranial injection using in vivo-jet-
PEI kit when the reagent nitrogen to phosphorus (N/P) ratio was 6,
and the duration of luciferase expression was 12 h. When reagent
N/P increased to 8, the peak bioluminescence signals could reach
1.192 � 105 at 12 h after intracranial injection, and the duration of
luciferase expression was increased to 36 h (Figure 2A). The peak
bioluminescence signals of TransIT-mRNA kit-mediated 1 mg
in vitro synthetic mRNA transfection at 12 h after intracranial injec-
tion could reach 2.16� 105, and duration of luciferase expression was
72 h. However, when the peak bioluminescence of transfected 2 mg of
in vitro synthetic mRNA was also at 12 h, the value could reach
3.792 � 104, and the duration of luciferase expression was 24 h (Fig-
ure 2B). To compare the transfected efficiency between in vivo-jetPEI
kit and TransIT-mRNA kit, we transfected 1 mg of synthetic luciferase
mRNA with these two reagents at the same time. The result show that
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Figure 2. Intracranial expression of synthetic mRNA

delivered with common transfection reagents

(A) The intracranial expression of in vivo-jetPEI-mediated

intracranial injection of synthetic Luc-mRNAwas detected

using an IVIS with N/P = 6 and N/P = 8 at 12 h, 24 h, 36 h,

and 48 h. The upper panel shows the representative im-

ages at each time point, and lower panel represents the

summary. (B) The intracranial expression of TransIT-

mRNA-mediated intracranial injection of synthetic Luc-

mRNA was detected using an IVIS with 1 mg system and

2 mg system at 12 h, 24 h, 36 h, 48 h, 60 h, and 72 h. The

upper panel shows the representative images at each time

point, and lower panel represents the summary. (C) The

transfection efficiency comparison of the two transfection

reagents. One microgram of Luciferase mRNA with

TransIT-mRNA or in vivo-jetPEI solution was intracranially

injected. *p < 0.05; **p < 0.01. (D) The intracranial

expression of TransIT-mRNA-mediated intracranial injec-

tion of synthetic RFP-mRNA was detected using a fluo-

rescence microscope.

Molecular Therapy: Oncolytics
the efficiency and duration of TransIT-mRNA kit were better than
those of in vivo-jetPEI kit. At last, we chose TransIT-mRNA kit for
downstream experiments.

In order to analyze whether this model can deliver mRNA to the
target area of the brain, we used a brain localizer to locate the caudate
nucleus, and then injected synthetic red fluorescent protein (RFP)
mRNA. Twelve hours after injection, the brain tissue samples were
taken. Bright-field image merged with DAPI and RFP is shown to
reveal the synthetic RFP-mRNA could be correctly expressed in the
caudate nucleus (Figure 2D), and the expression of synthetic RFP-
mRNA is shown on the coronal and axial planes separately. These re-
sults indicate that we have successfully constructed an animal model
of targeted delivery of mRNA in the brain.
162 Molecular Therapy: Oncolytics Vol. 24 March 2022
The evaluation of biochemical toxicity of

intracranially injected Luc-mRNA with

TransIT-mRNA

To detect the safety of TransIT-mRNA in intra-
cranial delivery of synthetic mRNA, the optimal
dose of 1 mg of mRNA was selected for analysis.
After injecting the 1-mg mRNAmixture, all mice
remained healthy without any toxic symptoms
or behavioral abnormalities. No significant
transfection reagent-related neurovirulence was
detected by either Y maze (Figures 3A–3E)
or open field (Figures 3F–3J) tests. There
were also no significant differences between
TransIT-mRNA injection and controls on all
determined blood biochemical parameters,
including hemoglobin (HGB), white blood cells
(WBCs), alanine aminotransferase (ALT), aspar-
tate transaminase (AST), Cr, and C-reactive pro-
tein (CRP) (Figures 4A–4F). To investigate the
effect of the transfection on local inflammation, interleukin (IL)-1b
and IL-6 levels were measured by immunohistochemistry (Figure 4G).
All these results suggest that TransIT-mRNA reagent-assisted syn-
thetic mRNA delivery is safe for in vivo intracranial administration.

Therapeutic application of synthetic TRAIL-mRNA through

intracranial injection in orthotopic glioma mouse model

In order to test the effect of intracranial delivery mRNA system on gli-
oma, we selected TRAIL-mRNA, which has a killing effect on glioma.
The effect of synthetic TRAIL-mRNA on the viability of
DBTRG(Denver Brain Tumor Research Group)-Luc glioma cells
was determined using the Real-Time Cell Analyzer (RTCA), and
TRAIL-induced apoptosis was detected by flow cytometric analysis.
As shown in Figures 5A and 5B, the mean apoptotic population of



Figure 3. Behavior evaluation of mice receiving intracranial injection of synthetic Luc-mRNA

Four groups of 8-week-old C57 mice were intracranially injected with synthetic Luc-mRNA in TransIT-mRNA solution or TransIT-mRNA reagent alone. The behavior tests

were performed 14 days after injection. (A–E) Y maze test. (A) Infrared video recorder monitored the activity trajectory of mice in Y maze within 8 min. The overall traveled

distances in the Ymaze were recorded. (B) Total distances of the mice traveled in the Ymaze. (C) Alternation triplet times of the mice traveling in the Ymaze. (D) Total times of

the mice traveling in the center of the Ymaze. (E) The percentage of alternation triplet of the mice traveled in Y maze. (F–J) Open field test. (F) Infrared video recorder recorded

the activity trajectory of mice in open field within 10 min. (G) Total distance the mice traveled in the open field. (H) Total times of the mice traveled in the center of open field. (I)

Total distance of the mice traveled in the center of open field. (J) Total times of the mice entering the center of the open field.
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normal DBTRG-Luc cells was 4.38% + 4.7%; however, the apoptotic
population of DBTRG-Luc cells transfected with 1 mg of TRAIL-
mRNA was 11.01% + 17.96%. RTCA results indicated that synthetic
TRAIL-mRNA significantly inhibited the viability of DBTRG-Luc
cells (Figures 5C and 5D). Figures 5E and 5F show the results of
immunoblotting analysis of apoptosis-related proteins in DBTRG-
Luc cells after TRAIL-mRNA transfection for 24 h. DBTRG-Luc cells
expressed similar amounts of total caspase-3 and caspase-8. However,
the cleaved form of caspase-3, caspase-8, and Bax were obviously up-
regulated by the treatment of synthetic TRAIL-mRNA transfection.
Bcl-2 was downregulated by synthetic TRAIL-mRNA transfection.
These results indicate that TRAIL-mRNA synthesized in vitro has
good activity to inhibit glioma.

A DBTRG-Luc cell-derived xenografted glioma mouse model was
used to test the therapeutic application of synthetic TRAIL-mRNA
through intracranial injection. For intracranial xenografts, mice
were anesthetized and placed in a stereotaxic platform; 3 � 105 cells
resuspended in 4 mL of complete medium were injected 2 mm lateral
and 1mm anterior to the bregma, 2mmbelow the skull (n = 5). Biolu-
minescence from the tumor wasmonitored at 0 days, 14 days, 28 days,
and 60 days using the IVIS Spectrum imaging system (Caliper Life
Sciences). As shown in Figure 6A, the intensity of luminescence in
DBTRG-Luc cells pretreated with synthetic TRAIL-mRNA for 6 h
was not different from DBTRG-Luc cells without synthetic TRAIL-
mRNA pretreatment. DBTRG-Luc cell-derived and TRAIL-mRNA-
pretreated DBTRG-Luc cell-derived xenografted glioma mouse
models were used to further evaluate the effect of intracranial injec-
tion of synthetic TRAIL-mRNA. The tumor growth was significantly
inhibited by both TRAIL-mRNA pretreatment and TRAIL-mRNA
intracranial injection (Figures 6B and 6C). Figures 6D and 6E show
the changes of body weight and animal survival rate under different
conditions. The tumor size was measured, and the tumor volume
was calculated (Figure 6F). At the endpoint, tumor size was detected
with brain MRI scan and the measurement of isolated tumors (Fig-
ure 6G). The inhibitory effect of injected TRAIL-mRNA on tumor
cell proliferation was also confirmed by immunohistochemical stain-
ing of tumor tissues (Figure 6H). This result shows that the method of
intracranial delivery of TRAIL-mRNA could successfully inhibit the
growth of glioma.
Molecular Therapy: Oncolytics Vol. 24 March 2022 163

http://www.moleculartherapy.org


Figure 4. Safety evaluation of TransIT-mRNA in vivo

by routine blood examination and

immunohistochemistry

(A) HGB values in mouse serum. (B) WBCs in mouse

blood. (C) ALT values in mouse serum. (D) Aspartate

aminotransferase values in mouse serum. (E) Cr values in

mouse serum. (F) CRP values in mouse serum. (G) The

expressions of inflammatory factors IL-1b and IL-6 in brain

tissues were measured by immunohistochemistry.
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Figure 5. The effects of synthetic TRAIL-mRNA on

DBTRG-Luc glioma cells

(A and B) Flow cytometric analysis (A) and statistic (B) of

synthetic TRAIL-mRNA induced apoptosis in DBTRG-Luc

cells using annexin V-FITC/PI. (C) Cell viability determined

by RTCA at an interval of 5 min until the end of 72 h. (D)

After the experiment, the cells remaining in the E-plate

culture plate were observed under the microscope at

400�. (E and F) The expression levels (A) and statistic (B)

of apoptosis-related proteins in DBTRG-Luc cells deter-

mined by western blot at 24 h after TRAIL-mRNA trans-

fection. *p < 0.05; **p < 0.01; ***p < 0.001.
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DISCUSSION
Because mRNA possesses high positive charge and high hydro-
philicity, it is usually delivered into cells as a complex with
transfection reagent. TransIT-mRNA and jetPEI are commonly
used for mRNA transfection in most in vitro studies. TransIT
reagent was used for in vivo delivery in some studies, although
TransIT-mRNA reagent was exclusively used in vitro.12–15 For
the first time, we established TransIT-mRNA reagent-mediated
intracranial synthetic mRNA transfection. It is essential to verify
the safety of these reagents in in vivo applications and their ef-
fects on the expression of associated genes after intracranial
injection.

In the present study, luciferase mRNA was synthesized in vitro and
its expression was verified in 293T cells. In order to study the
safety of TransIT-mRNA and jetPEI in vivo application and their
effects on the expression of Luc-mRNA after intracranial injection,
Molecula
we injected Luc-mRNA wrapped with
TransIT-mRNA or jetPEI into the brains of
C57BL/6J mice. Considering the volume
safety of intracranial injection, we compared
the transfection efficiency of a 20-mL system
containing 1 mg of Luc-mRNA and a 30-mL
system containing 2 mg of Luc-mRNA. After
intracranial injection of Luc-mRNA, the
longest time at which Luc-mRNA-produced
bioluminescence can be detected by IVIS
was 72 h for the 20-mL system and 48 h for
the 30-mL system respectively. The poor per-
formance of the 30-mL system might be due
to the large volume leading to an incomplete
injection into the brain. So, the 20-mL system
containing 1 mg of Luc-mRNA was used for
right caudate nucleus injection in the related
in vivo experiments. In addition, according
to in vivo-jetPEI manufacturer’s instruction,
a 5-mL system containing 1 mg of Luc-
mRNA at N/P ratio of 6 was injected into
the right caudate nucleus. The longest detect-
able time of Luc-mRNA-produced biolumi-
nescence was 36 h. When the N/P ratio was
increased to 8, the bioluminescence intensity was significantly
higher than that at N/P ratio 6, but the longest detectable time re-
mained 36 h.

The results of comparative experiments clearly indicate that TransIT-
mRNA is much better than jetPEI in terms of assisting intracranial
Luc-mRNA delivery. Both of these are the complex of liposomes
and polymers, but we are not very clear about the proportions of
the specific components. The difference in transfection efficiency
may be different from the loading efficiency, release, and degradation
speed of the polymer. The composition of in vivo-jetPEI contains
cationic polymer PEI. The strong cationic charge of PEI may cause
cell death.16 However, our result showed that TransIT-mRNA reagent
is safer and non-toxic. The transfection efficiency of the 1 mg is better
than the 2 mg, which is related to the size of the formed nanoparticles.
The higher the RNA concentration, the larger the vesicles formed,
which may also lead to incomplete RNA entrapment, resulting in
r Therapy: Oncolytics Vol. 24 March 2022 165
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Figure 6. Therapeutic application of synthetic

TRAIL-mRNA through intracranial injection in

orthotopic glioma mouse model

(A) The bioluminescent influence of pretreatment of

DBTRG-Luc cells with synthetic TRAIL-mRNA trans-

fection for 6 h. (B) The IVIS detected image representa-

tives of different groups (n = 4) at day 0, 14, 28, and 60 and

(C) corresponding summary. (D) Mouse body weights

measured at day 0, 14, 28, and 60. (E) Mouse survival

rates. (F) Tumor growth was monitored by measuring tu-

mor volumes at 60 days and the tumor volumes were

calculated by formula: tumor volume (V) = 1/2 � L � W2.

(G) Brain MRI scan images and isolated tumor samples.

(H) H&E and Hi67 staining of tumor tissues. Con, control;

P, pretreatment with synthetic TRAIL-mRNA; I, intracra-

nial injection of synthetic TRAIL-mRNA; P + I, the com-

bination of pretreatment and intracranial injection of syn-

thetic TRAIL-mRNA. *p < 0.05.
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ineffective delivery. Of course, the transfection volume of 2 mg is too
large and requires too much reagent volume, which exceeds the
maximum intracranial bearing volume of mice and will reduce the
transfection efficiency. TransIT-mRNA is preferred to be used for
mRNA delivery through intracranial injection. However, long-term
safety is an important prerequisite for it to be routinely used in
mRNA-based gene therapy studies. The test results of blood biochem-
ical parameters showed a relatively stable internal environment after
intracranial injection of TransIT-mRNA, indicating that the TransIT-
mRNA solution was harmless to the metabolism of tested subjects.
Two behavioral methods were used to test the potential neurotoxicity
of TransIT-mRNA. Fourteen days after the intracranial injection, the
results of open field test and Ymaze test demonstrated that the behav-
iors of tested mice were not significantly affected by intracranial injec-
166 Molecular Therapy: Oncolytics Vol. 24 March 2022
tion of TransIT-mRNA reagent. Taken together,
TransIT-mRNA reagent-assisted synthetic
mRNA delivery is safe for in vivo intracranial
administration.

The major reasons that limit the effectiveness
of conventional therapies for GBM include tu-
mors’ exceptional anatomical location and the
existence of BBB. Intracranial injection of syn-
thetic mRNA is able to directly deliver specific
anticancer genes to the tumor. TRAIL is an
anticancer gene. Its protein product can specif-
ically kill cancer cells without harming normal
cells.10,11,17–19 Owing to its tumor-cell-specific
killing effect, TRAIL has been widely used in
preclinical and clinical studies.18,20–29 In the
current study, we used synthetic TRAIL-
mRNA as an example to verify whether this
method of intracranial injection can be applied
for the treatment of GBM. First, the tumor-
cell-killing effect of synthetic TRAIL-mRNA
was verified in vitro with DBTRG-Luc cells. TRAIL binds to its re-
ceptor DR5 and triggers apoptosis by driving caspase-8-mediated
caspase-3 activation.30 Bax is dispensable for TRAIL-induced cas-
pase-8 activation and subsequent cleavage of Bid but it is crucial
for the release of cytochrome c and Smac/Diablo from mitochondria
and downstream activation of caspases. Mitochondrial amplification
of the death receptor signal in type II cells is achieved by caspase-8-
mediated cleavage of the BH3-only protein Bid. The resulting active,
truncated Bid (tBid) activates Bax, thereby inducing apoptosome
and Smac/Diablo-mediated caspase activation. Thus, Bcl-2 family
members play a critical role in modulating TRAIL-mediated cell
death in tumor cells.31 In the present study, TRAIL-mRNA-medi-
ated cytotoxicity of DBTRG cells and significant suppression of
DBTRG cell-derived tumor are consistent with the results of our
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previous study,12 in which a mesenchymal stem cell-mediated
TRAIL-mRNA transfer approach was applied on DBTRG cell-based
GBM study. However, the in vivo antitumor effect of intracranially
injected TRAIL-mRNA was investigated with DBTRG-Luc cell-
derived xenografted glioma mouse model in this study. TRAIL-
mRNA was pretransfected into DBTRG-Luc cells for 6 h. At this
time, the mRNA had entered the cells, but the transfection time
was too short to cause cell apoptosis. The pretreated DBTRG-Luc
cells were used to establish a glioma model that could simulate clin-
ical surgery to resect the tumor; it may also be applied directly to
surgical sites after resection of a tumor as a postoperative treatment
to kill residual tumor cells and prevent tumor metastasis, and this
pretreatment method is defined as group P. In clinical surgical treat-
ment of glioma, after the tumor was resected, a tumor cavity
drainage tube was generally indwelled to allow injection of drugs,
and group I was to simulate the surgical removal of the tumor,
and continue the local drug treatment by intracranial injection.
Group P + T was a combination of the two treatments. The
antitumor effect of intracranially injected TRAIL-mRNA was com-
parable with that of pretreatment of DBTRG-Luc cells with TRAIL-
mRNA, and the combination of pretreatment and intracranial injec-
tion of TRAIL-mRNA showed the best antitumor effect. This result
shows that the method of synthetic mRNA intracranial delivery us-
ing common transfection reagent is suitable for the experimental
studies of intracranial tumors.

In summary, the in vitro synthetic luciferase mRNAs were highly ex-
pressed in the mouse brain through intracranial injection, in which
the injected mRNAs were wrapped with commonly used TransIT-
mRNA transfection reagents. Mouse behavioral and blood biochem-
ical measurements verified the biological safety of related reagents’
intracranial application for mRNA transfection. Using synthetic
TRAIL-mRNA as an experimental therapeutic example, its intracra-
nial delivery with common transfection reagents significantly in-
hibited the tumor growth in DBTRG cell-derived xenografted glioma
mouse model. TransIT-mRNA is the first in vitro reagent for transfec-
tion of mRNA in the world. Surprisingly, we found that TransIT-
mRNA is also good for in vivo application. A commercially available
in vivo transfection reagent was compared, and it was found that the
intracranial transfection efficiency of TransIT was better than that of
in vivo-jetPEI. Our study explores the TransIT-mRNA for the intra-
cranial transfection first time and provides an intracranial synthetic
mRNA delivery model for preclinical studies of mRNA-based gene
therapy.

MATERIALS AND METHODS
In vitro synthesis of Luc-mRNA, RFP-mRNA, and TRAIL-mRNA

Luc-mRNA, RFP-mRNA, and TRAIL-mRNAs were synthesized
in vitro as previously described.32 Briefly, the human 50 UTR with Ko-
zak sequence and 30 UTR sequence were commercially synthesized by
Integrated DNA Technologies (Coralville, IA) and sub-cloned into
pcDNA3.3. The DNA templates of human TRAIL and luciferase
were obtained from our previously constructed expression vectors
through restriction enzyme digestion. MEGAscript T7 kit (Ambion)
was used to synthesize mRNAs, whereas m7GpppGwas replaced with
ARCA cap analog (New England Biolabs) and cytidine and uridine
were replaced with 5-methylcytidine triphosphate and pseudouridine
triphosphate (TriLink Biotechnologies) respectively. Reactions were
sustained for 5 h at 37�C followed by DNase treatment. Then, the re-
actions were treated with Antarctic Phosphatase (New England Bio-
labs) for 2 h at 37�C to remove residual 50-triphosphates. The synthe-
sized mRNAs were purified with Ambion MEGAclear spin columns
(Ambion) and quantitated with Nanodrop (Thermo Fisher
Scientific).

Cells and animals

293T cells stored by the laboratory were cultured in DMEM
with 10% fetal calf serum (FCS), 2 mM L-glutamine, and 1% peni-
cillin-streptomycin solution (all from Invitrogen, Carlsbad, CA)
and incubated at 37�C in a humidified atmosphere with 5%
CO2. Human glioblastoma cell line (DBTRG) was purchased
from American Type Culture Collection (ATCC, Manassas, VA)
to be used as target cells in the xenografted tumor model. DBTRG
cells were maintained as suggested by ATCC and pre-labeled
with luciferase using pGL4.51[luc2/CMV/Neo] vector (Promega
Corporation, Madison, WI), according to the manufacturer’s
protocol.

C57BL/6J and nude mice (female, 6–8 weeks of age) were purchased
from the Model Animal Research Center at Nanjing University
(Nanjing, China) and housed in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals.
The experimental protocols of the present study were approved by
the Animal Care Committee at Hubei University of Medicine
(Shiyan, China).

Intracranial injection of synthetic mRNA in mice

The C57BL/6J mice were anesthetized by intraperitoneal injection of
1% sodium pentobarbital. A sagittal incision (1.0–1.5 cm) was made
on the scalp, and the calvarium was exposed by blunt dissection. A
tiny parietal hole was created on the sagittal suture of the skull. The
microinjector was positioned at the right caudate nucleus (1 mm
forward and 2 mm right of the anterior fontanelle) and vertically
punctured 3 mm. The Luc-mRNA, RFP-mRNA, or TRAIL-mRNA
solution (20 mL) was injected at a rate of 2 mL/min through the mi-
croinjector. The TransIT-mRNA kit-mediated mRNA solution was
composed of 1 mL of synthetic mRNA (1 or 2 mg/mL Luc-mRNA or
1 mg/mL RFP-mRNA, TRAIL-mRNA), 15 mL of Opti-MEM, 2 mL of
Boost reagent, and 2 mL of TransIT-mRNA. The in vivo-jetPEI kit-
mediated mRNA solution was composed of 1 mL of synthetic
mRNA (1 mg/mL Luc-mRNA), 0.12 mL or 0.16 mL of in vivo-jetPEI
reagent (N/P ratio 6 or 8), 2 mL of 10% glucose solution, and 0.88 or
0.84 mL DEPC(Diethyl pyrocarbonate) water. After injection, the
microinjector was kept in place for 5 min. The mice were injected
with RFP-mRNA and, after 12 h, the brain tissues were taken for
frozen sections, and the expression of RFP protein in the brain tis-
sues of mice was observed under a fluorescence microscope (Leica,
Germany).
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Establishment of xenografted tumor model

Since the IVIS Spectrum system is preferentially sensitive to biolumi-
nescence, luciferase gene-transfected DBTRG (DBTRG-Luc) cells
were used for the xenograft test. A total of 3 � 105 DBTRG-Luc cells
were implanted into the right frontal lobe of nude mice. This xeno-
grafted tumor model was used to test the therapeutic effect of syn-
thetic TRAIL-mRNA through intracranial injection. Seven days after
in situ implantation of DBTRG-Luc cells, 20 mL of a cocktail solution
(containing 1 mg of TRAIL-mRNA) was intracranially injected to
each mouse. The bioluminescence was determined at day 0, 14, 28,
and 60 using the IVIS Spectrum system. The body weight was re-
corded at day 0, 14, 28, and 60. Statistical analysis of survival rate
of mice was performed at day 75.
Determination of tumor size by MRI

In order to detect the tumor formation of DBTRG-Luc cells, 75 days
after in situ implantation of DBTRG-Luc cells, the mice were anesthe-
tized by intraperitoneal injection of 1% sodium pentobarbital, and the
tumors size were detected by MRI (General Electric).
Immunohistochemistry

The tumors were isolated from the brain tissues. One section per sam-
ple was deparaffinized, rehydrated, and stained with hematoxylin and
eosin (H&E). Additional sections were immunostained using the
automated immunohistochemistry and in situ hybridization staining
system Bond RX (Leica Biosystems). Sections were stained for prolif-
erating cells using rabbit anti-Ki67 antibody (1:50, Abcam).
Determination of blood biochemical indexes in exogenous

mRNA-injected mice

To assess the toxicity of luciferase mRNA andMirus reagents, routine
blood examinations were performed for both control and Luc-
mRNA-injected mice. Blood was collected by cardiac puncture in
EDTA-K2 blood collection tubes at the day of sacrifice. The WBC,
HGB, AST, alanine transaminase (ALT), creatinine (Cr), and CRP
were determined using Mindray BC-6900 Vet animal automatic he-
matology analyzer. The blood cells of the mice were analyzed by using
Mindray BC-5300 Vet animal automatic hematology analyzer (Mind-
ray, China).
Behavioral evaluation of mice injected with synthetic mRNA

According to previous literature reports, behavioral tests have been
used for the evaluation of drug-induced potential biological toxicity
in animals.33,34 In the present study, open field test and Y maze test
were performed to determine the possible transfection-reagent-
induced neurotoxicity. These two behavioral tests were conducted
in C57BL/6J mice on day 14 post inoculation of Luc-mRNA wrapped
with Mirus TransIT-mRNA or Mirus TransIT-mRNA alone. For the
open field test, each mouse was placed in the center of a darkened
white box (50 � 50 � 38 cm) and monitored using an infrared video
tracking system (Ethovision XT 9.0, Noldus Information Technol-
ogy) for 10 min. A 30-by-30-cm square in the center of the box was
defined as the zone, and the peripheral arena was defined as the resid-
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ual. The distance traveled and time spent in the zone and residual
were recorded for further analysis.

For the Y maze test, the Y maze was fabricated from gray plastic and
consisted of three arms (21 cm long, 15.5 cm high, 7 cm wide at the
bottom, and 10 cm wide at the top) with an angle of 120�. Visual cues
were placed outside each arm, and the apparatus was illuminated at
10 lux. Each mouse was placed at the end of one arm and allowed
to freely explore the maze for 10 min. An arm entry was defined as
all four paws of the mouse being in the arm, and the sequence of
arm entries was monitored with a video camera and counted manu-
ally. An alternation was defined as successive entries into the three
arms on overlapping triplet sets.

Flow cytometry analysis of the apoptosis of synthetic TRAIL-

mRNA transfection into DBTRG-Luc cells

Briefly, 1 � 106 DBTRG-Luc cells were seeded in a six-well plate and
incubated for 24 h to resume exponential growth. Synthetic TRAIL-
mRNA was transfected into DBTRG-Luc cells and incubated for
additional 24 h, then the cells were harvested and washed with PBS.
The extent of apoptosis was measured through annexin V-FITC
apoptosis detection kit (Beyotime, China), and analyzed by flow cy-
tometry software (Beckman, United States). The upper right part rep-
resents apoptotic cells undergoing secondary necrosis at the last stage
or dead cells (annexin V and phosphatidylinositol [PI] double posi-
tive), and the lower right part represents the early-stage apoptotic
cell population (annexin V positive and PI negative).

Viability assay of DBTRG-Luc glioma cells

The cell viability was detected by real-time assessment by the xCEL-
Ligence cell analyzer (RTCA, Roche, United States) as previously
described.32 A volume of 100 mL of DBTRG-Luc cell suspension
(5� 103 cells) was seeded in E-plate 16. All cells were allowed to settle
at the bottom of the wells at room temperature (RT) for 15 min, and
then incubated at 37�C and 5% CO2. The impedance signals were re-
corded every 5 min for the first 6 h. After 6 h of baseline measure-
ment, 0.1 mg of synthetic TRAIL-mRNA mixture was added into
each well. The impedance signals were recorded using the same
time intervals until the end of the experiment (up to 72 h). Cell index
(CI) value was defined as relative change in measured impedance
compared with background impedance and represented cell status,
which is directly proportional to the quantity, size, and attachment
forces of the cells.

Immunoblotting analysis of TRAIL-induced apoptosis-related

protein expression

Immunoblotting analysis was used to detect the cellular expression of
TRAIL-induced apoptosis-related proteins (caspase-3, caspase-8, Bcl-
2, and Bax) in DBTRG-Luc cells. Briefly, DBTRG-Luc cells were
washed three times with PBS and collected with the cell lysis RIPA
buffer (Cowin Bio, China). Cell lysates were incubated on ice for
30 min. Protein concentration was determined using BCA protein
assay reagents (Beyotime) according to the manufacturer’s protocol.
Equal amounts of protein (50 mg in each sample) were loaded in
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each lane, separated by electrophoresis in 12% SDS polyacrylamide
gel, and electrotransferred to nitrocellulose membranes. The mem-
brane was put in blocking buffer for 1 h at RT followed by overnight
incubation at 4�Cwith appropriate primary TRAIL antibody (1:1,000,
CST, United States), caspase-3 antibody (1:1,000, CST, United States),
caspase-8 antibody (1:500, Proteintech, China), Bcl-2 antibody
(1:1,000, CST, United States), and GAPDH antibody (1:4,000, Pro-
teintech, China). The blots were rinsed with TBST(Tris Buffered Sa-
line with Tween�20 ) three times, incubated with horseradish
peroxide-conjugated secondary antibody (1:2,000) for 60 min, and
detected by chemiluminescence using ECL Hyperfilm (Bio-Rad,
United States).
Statistical analysis

Numerical data were expressed as mean ± standard error. Statistical
differences between the means for the different groups were evaluated
with Prism 8.0 (GraphPad software, La Jolla, CA) using the Student’s t
test with the level of significance at p < 0.05.
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