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Lipid nanoparticles (LNPs) are often liver tropic, presenting
challenges for LNP-delivered mRNA therapeutics intended
for other tissues, as off-target expression in the liver may in-
crease side effects and modulate immune responses. To avoid
off-target expression in the liver, miR-122 binding sites have
been used by others in viral and non-viral therapeutics. Here,
we use a luciferase reporter system to compare different copy
numbers and insertion locations of miR-122 binding sequences
to restrict liver expression. We inserted one to five miR-122
binding sites into the 50 or 30 untranslated regions (UTRs) of
luciferase mRNAs and tested them in LNPs in vitro and in vivo
via systemic intravenous and local intramuscular injections in
mice. Our results showed no significant differences in de-tar-
geting efficacy between mRNAs harboring one or multiple
miR-122 binding sites or between those with 50 or 30 UTR place-
ments. To test the impact of miR-122 binding sites on antibody
response to a mRNA vaccine, Ebola virus matrix protein VP40
mRNAs were modified with or without miR-122 binding sites
and injected in mice intramuscularly. This work reinforces
the utility of miR-122 binding sites while providing a compar-
ison of these sites to aid the future development of LNP-mRNA
therapies for non-hepatic tissues.

INTRODUCTION
Lipid nanoparticles (LNPs) are potent non-viral vectors for the deliv-
ery of RNA therapeutics.1,2 Billions of doses of LNPs carrying SARS-
CoV-2 Spike mRNA have been administered to humans by the intra-
muscular (IM) route.3,4 In most cases these LNPs are formulated with
four components, including an ionizable lipid, a helper lipid, a PEGy-
lated lipid, and cholesterol. In vivo, LNPs enter cells by forming a
complex with circulating apolipoproteins that facilitate binding and
entry via the low-density lipoprotein receptor (LDLR).5–7 Although
LDLR is ubiquitous in all mammalian cells and LNPs can transfect
many cell types, the primary organ that is targeted by LNPs after
an intravenous (IV) injection is the liver due to its high expression
of LDLR and easy access to hepatocytes through fenestrations in
the liver vasculature. While this high liver transfection may be ideal
for liver-directed therapy, this is problematic if one is attempting to
target therapies to other tissues by the IV route.
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Off-target transfection of the liver can also be a problem when inject-
ing LNP-mRNA by non-IV routes, since LNPs are documented to
leak into the bloodstream and reach the liver regardless of their orig-
inal site of injection. For example, as much as 21.5% of the LNPs of
COVID-19 mRNA-LNP vaccines injected via the IM route were
found in the liver in preclinical studies.8,9 These mRNA vaccines
have been shown to be safe; however, the extent of LNP leakage in hu-
mans is unclear.

RNA interference (RNAi) plays a critical role in regulating the expres-
sion of cellular mRNAs. After processing, microRNAs (miRNAs) are
loaded into the RNA-induced silencing complex, which then targets
mRNAs containing complementary binding sequences to the miRNA
and facilitates translational repression and degradation.10 Addition of
miRNA target sites to viral vectors has proven effective by others in
controlling tissue-specific expression and organ de-targeting in
various applications such as molecular therapy or oncolytic viral vec-
tors.11–18 miR-122 is the most abundant miRNA in the liver, making
miR-122 an ideal tool to de-target expression in the liver by inserting
miR-122 binding sites into mRNAs. Modification of LNP-mRNA
therapeutics with miR-122 binding sites have also been used previ-
ously by others as an effective way to prevent the expression of
mRNAs in healthy liver cells.19–21

To complement this prior art, we used a luciferase reporter system to
conduct a detailed characterization of miR-122 binding site insertion
in LNP-mRNA to evaluate how the number of copies and insertion
locations impact its potency for liver de-targeting. We hypothesized
that expression levels in the liver would vary depending on the num-
ber of copies or the location of insertion of miR-122 binding sites. To
examine this hypothesis, luciferase mRNAs were modified by insert-
ing 1–5 miR-122 binding sites into the 50 or 30 untranslated regions
(UTRs). Modified and unmodified mRNAs were encapsulated into
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Figure 1. Comparison of luciferase reporter

expression between mRNA with and without miR-

122 binding site modifications

(A) Illustration of T7 luciferase DNA plasmid constructs for

producingmiR-122 binding site-modified and unmodified

luciferase mRNA via IVT. MBS, miR-122 binding site; pA,

poly(A) tract; T7, T7 promoter. (B) Comparison by one-

way ANOVA of unmodified and miR-122-modified lucif-

erase mRNA expression in hepatic (Huh7), adrenal

(293T), and lung (A549) cell lines. There were significant

reductions in luciferase activity of all modified mRNAs in

hepatic cells (****p % 0.0001), but no significant differ-

ences in expression were observed in non-hepatic cells.

Data represents mean ± SD.
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four-component LNPs, and their efficacy tested in vitro and in vivo,
providing guidance for those wanting to incorporate miR-122 bind-
ing sites in an LNP-mRNA therapeutic. Additionally, we examined
the liver de-targeting effect of miR-122-modified mRNA in vivo
with IM injection, considering its potential for vaccine applications,
and assessed its effect on antibody responses in an mRNA vaccine
against Ebola virus (EBOV).

RESULTS
miR-122 binding sites limit luciferase expression in hepatic cells

but preserve expression in non-hepatic cells

To evaluate the effect of miR-122 binding sites on the expression of
mRNAs, a luciferase reporter system was used. The firefly luciferase
cDNAwas cloned into a plasmid containing an upstream T7 promoter
and downstream polyadenosine tract. One to five copies of miR-122
binding sites were inserted into the 50 or 30 UTR of the luciferase
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mRNA sequence (Figure 1A). mRNAswere syn-
thesized with T7 polymerase by in vitro transc-
ription (IVT), purified, then loaded into LNPs
consisting of 1,2-distearoyl-sn-glycero-3-phosp-
hocholine (DSPC), cholesterol, dilinoleylmethyl-
4-dimethylaminobutyrate (D-Lin-MC3-DMA),
1,2-dimyristoyl-rac-glycero-3-methoxypolyethy-
lene glycol-2000 (DMG-PEG2000) at a molar ra-
tio of 10:48:40:2, respectively, a formulation
shown by others to effectively deliver nucleic
acids.1,22 A microfluidic system was used to
assemble LNP-mRNA, andmRNApackaging ef-
ficiency, size, and particle concentrations were
measured.

When human Huh7 hepatic cells were trans-
fected with LNP-mRNA, miRNA-modified
mRNAs mediated approximately 80% (5.6-
fold) lower luciferase expression than the un-
modified luciferase mRNA (Figure 1B). In
contrast, when the same LNP-mRNAs were
used to transfect non-hepatic human 293T ad-
renal cells or human A549 lung cells, no signif-
icant difference in luciferase expression was
observed between the unmodified and miRNA binding site modified
mRNAs (Figure 1B). These data validated the functionality of our
constructs and show that inclusion of the miR-122 binding site re-
tained normal reporter expression in non-hepatic cells but limited
expression in hepatic cells. There was no statistically significant differ-
ence in the miR-122 binding site-mediated reduction of reporter
expression in Huh7 hepatic cells between mRNAs with one or multi-
ple miR-122 binding sites, which was also true of mRNAs with the
binding sites in the 50 or 30 UTR.

LNP-mRNA expression in the liver is reduced by the inclusion of

miR-122 binding sites after IV injection

To test the de-targeting efficacy of these miR-122 modifications
in vivo, LNPs carrying luciferase, miR-122(1�)-luciferase, miR-122
(2�)-luciferase, miR-122(5�)-luciferase, or luciferase-miR-122(2�)
mRNAs (Figure 1A) were administered by a single IV injection via



Figure 2. LNP liver de-targeting of miR-122 binding site-modified mRNA after systemic delivery in mice

(A) Groups of five mice were injected with 14 mg modified or unmodified LNP-mRNA via the tail vein. (B) Luciferase activity was measured in live animals 18 h post-injection,

followed by imaging of livers ex vivo. (A and B, top and bottom) Two different experiments. (C andD)miR-122mRNAmodification yields significant reductions in liver luciferase

activity in both (C) the live animal and (D) the ex vivo liver, regardless of the quantity or location of the binding site. Comparison by one-way ANOVA; ****p % 0.0001). p/s,

photons/s. Data represents mean ± SD.

www.moleculartherapy.org
the tail vein in mice. The mice were then imaged to quantify lucif-
erase activity in the liver 18 h after injection. Live animal imaging
and ex vivo imaging of organs demonstrated that IV injection of
LNPs carrying unmodified luciferase mRNA produced strong lucif-
erase expression in the liver (Figures 2A and 2B). In contrast, LNPs
carrying miR-122-modified-luciferase mRNA payloads had 94% to
99% (50-fold average) reductions in luciferase activity in the liver
compared to the unmodified mRNA (Figures 2C and 2D). These
data demonstrate that inclusion of miR-122 binding sites in the
LNP-delivered mRNA restricts expression in the liver even when
Molecu
delivered systemically via an IV injection. Importantly, these de-
targeting effects were not due to a fundamental deficiency in the
expression of miRNA binding site modified mRNAs, since injec-
tion of the LNP-mRNA with the miRNA binding sequences into
the muscles of mice did not show a decrease in luciferase activity
(Figure 3). Expression in vitro also did not indicate defects in lucif-
erase expression in non-hepatic cells caused by miR-122 binding
sequence inclusion (Figure 1B). Consistent with our in vitro find-
ings, no statistically significant difference in luciferase activity
was seen in the liver regardless of the quantity of copies or
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 3
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Figure 3. LNP liver de-targeting of miR-122 binding

site-modified mRNA delivered via intramuscular

injection

(A) Groups of five mice were injected with LNP-mRNA

with or without miR-122 binding site sequence in the

right quadriceps. Luciferase activity in live animals was

measured 18 h post-injection. Top and bottom: two

different experiments. (B) Livers were excised and

imaged ex vivo. (C) Comparison of luciferase signal in

the hind flank, unpaired t test (*p = 0.0221). (D)

Comparison of luciferase signal in the liver. Statistics by

unpaired t test (****p % 0.0001). p/s, photons/s. Data

represents mean ± SD.
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insertion location of miR-122 binding site in the 50 or 30 UTR
of mRNA.

miR-122 binding sites reduce off-target liver expression after IM

injection of LNP-mRNAs

Billions of LNP-mRNA SARS-CoV-2 vaccines were administered IM
during the COVID-19 pandemic. While these were generally safe,
there is potential for LNP-mRNA escape from the injection site to
the liver, as evidenced in pre-clinical studies.8,9 Given this problem,
we tested whether miR-122 de-targeting in LNP-mRNA could reduce
off-target liver expression after IM injection. Mice were injected by
the IM route, with LNPs encapsulating luciferase or miR-122 modi-
fied luciferase mRNA. Given that there was no significant difference
between the number of copies or the location of insertion of miR-122
binding sites in the 50 or 30 UTR of the luciferase mRNA (Figures 1
and 2), we selected miR-122(2�)-luciferase as the representative
modified mRNA for this experiment. IM injection of unmodified
luciferase mRNA in LNPs mediated expression in the injected mus-
cles, but it also mediated significant off-target luciferase expression
in the livers of these animals (Figure 3A). By luciferase imaging, the
amount of expression in the liver was approximately 2% of the signal
observed in muscles that were injected with the unmodified luciferase
mRNA-LNPs. In contrast, mice treated with miR-122(2�)-modified
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luciferase mRNA had slightly higher expression
in their muscles but had 95% (19.3-fold) re-
ductions in liver luciferase expression (Figures
3B–3D).

LNP-mRNA vaccine encoding EBOV VP40

with miR-122 binding sites

De-targeting of an mRNA-LNP vaccine and
preventing antigen expression in the liver may
reduce the risks of side effects. It might also
enhance vaccine potency, since the liver is
thought to be a tolerogenic tissue.23–26 Despite
these potential benefits, if miR-122 is present
in antigen-presenting or other immune cells
critical to generating an immune response, there
could be a reduction in vaccine efficacy by
including miRNA binding sites. To test whether
integrating miR-122 binding sites preserves vaccine potency and
perhaps improves it by avoiding antigen expression in the liver, we
generated unmodified andmiRNA binding-modifiedmRNA vaccines
encoding EBOVVP40matrix protein. Mice were immunized IMwith
LNPs carrying unmodified VP40 mRNA or VP40 mRNA modified
with a single miR-122 binding sequence in the 50 or 30 UTR (LNP-
miR122-VP40 and LNP-VP40-miR122, respectively). LNPs carrying
luciferase mRNA (LNP-luciferase) were used as an irrelevant antigen
control.

ELISAs were performed on sera collected 2, 6, and 12 weeks after sin-
gle IM vaccination (Figure 4). No anti-VP40 immunoglobulin G
(IgG) antibodies were detected in either untreated animals or control
animals immunized with LNP-luciferase. In contrast, anti-VP40 IgG
antibodies were detected in all VP40 mRNA vaccinated animals
within 2 weeks of immunization. These antibodies peaked 6 weeks af-
ter these single immunizations, but they remained elevated through
the end of the study at 12 weeks. Interestingly, the VP40 mRNA vac-
cine with a miR-122 binding site in its 50 UTR mediated higher VP40
antibody levels than the unmodified vaccine. Western blots of liver
tissues after IM injection did not detect VP40 in miR-122-modified
mRNA-treated mice (Figure S2A). However, when given larger doses
IV, faint bands of VP40 were detected in the livers of mice treated



Figure 4. Antibodies produced after single vaccination with LNP-mRNA

encoding EBOV VP40 with or without miR-122 binding site

Groups of six mice were vaccinated with 5 mg LNP-mRNA in both quadriceps (10 mg

total) encoding either luciferase, EBOV VP40, or EBOV VP40 with a single miR-122

binding site. Sera were collected at weeks 2, 6, and 12 post-vaccination, and the

presence of anti-EBOV VP40 IgG antibodies was quantified by ELISA. Statistics by

two-way ANOVA; p values represent the difference between VP40 vaccinated

animals and irrelevant antigen control mice (**p % 0.01; ****p % 0.0001). Data

represents mean ± SD.
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withmRNAmodified with themiR-122 binding site in the 30 UTR but
not in mice treated with 50 UTR binding site insertions (Figure S2B).
These data show that the addition of miR-122 binding sites does not
have a negative impact on IgG response and may boost efficacy if an-
tigen is more completely restricted in the liver.

DISCUSSION
This study reinforces the utility of miR-122 binding sites to mitigate
off-target hepatic expression of LNP-mRNA therapeutics. We hy-
pothesized that large doses to the liver via IV injection would reveal
apparent weaknesses in liver de-targeting if any of the miR-122-
modified mRNAs harbored less-effective combinations of miR-122
binding sites. LNP-mRNAs modified with miR-122 binding sites
reduced luciferase expression in the liver by up to 99% (Figure 2)
when given IV, showing the potency of these binding site sequences
to restrict the expression of modified mRNAs. When mice received
IM injections of unmodified luciferase mRNA, leakage from the injec-
tion site and off-target expression was clearly seen in the liver (Fig-
ure 3A). Consistent with our IV data, we were able to control this
off-target expression in the liver by 95% (Figure 3D) with miR-122
binding site-modified LNP-mRNA.

Importantly, the inclusion of miR-122 binding sites did not diminish
the mRNA expression in the injected muscle tissue. In fact, the lucif-
erase activity in the injected muscle of miR(2�)-luciferase mice was
slightly higher than those treated with unmodified luciferase
(Figures 3A and 3C). In 293 cells in culture, there was a slight increase
in expression by mRNAs with two miRNA targets when compared to
mRNAs with 0, 1, or 5 of the 50 miRNA targets (Figure 1B), but these
differences were not statistically significant. This suggests that
perhaps the two copies of the miRNA targets serendipitously formed
a more easily expressed mRNA, but again, this was not statistically
Molecu
different. Another possible explanation is the increase in muscle lucif-
erase activity was caused by an increase in luciferin substrate avail-
ability to the muscle due to a lack of liver expression of luciferase in
the miR-122 binding site-modified mRNA group. With minimal
luciferase expressed in the liver, circulating luciferin would not be
depleted in the liver and would continue to circulate until reaching
the muscle, where the majority of luciferase is expressed. This is
also an important insight if using miRNA de-targeting for therapeu-
tics delivering enzyme encoding mRNA, where efficacy could be
gained in the target tissue by not having the necessary substrate
depleted by off-target tissues.

As little as one copy of the miR-122 binding site was sufficient to
significantly reduce LNP-mRNA expression in the liver. No further
statistically significant decreases in liver signal were seen as more
binding site sequences were added (Figures 1 and 2). This differs
from others using miR-122 binding sites to de-target DNA-based ad-
eno-associated virus (AAV) vectors showing greater transgene
repression in the liver cells when more miR-122 binding sites were
added.13,14,17 AAV vectors, which have a DNA genome, exhibit a
gradual increase in transgene expression that stabilizes over the
course of days to weeks.27 The kinetics of AAV expression and other
DNA viral vectors are opposites of LNP-mRNA vectors, which deliver
a burst of mRNA, and expression degrades rapidly after delivery.
With the sustained expression of viral DNA vectors, multiple miR-
122 binding sites appear to provide added benefit. On the other
hand, our data show that adding extra binding sites to mRNA pay-
loads results in diminishing returns (Figures 1 and 2). This is consis-
tent with Jain et al.,20 where one and three binding sites performed
similarly. Adding fewer binding site sequences while retaining liver
de-targeting could reduce the problems associated with having mul-
tiple repetitive sequences in the IVT template DNA or mRNA, such
as recombination of the IVT DNA template and the formation of un-
desirable secondary mRNA structures.

miR-122 binding site location in the 50 or 30 UTR also did not signif-
icantly alter the liver de-targeting effect (Figures 1 and 2). In our
study, miR-122 binding sites were primarily inserted into the 50

UTRs, which differ from others in the field, predominately 30 inser-
tions.16–18,20,21 Insertions in the 30 UTR logically follow mammalian
endogenous mRNAs, which have miRNA binding sites mainly in
the 30 UTR.28 Our decision to insert our miR-122 binding sites pri-
marily in the 50 UTR is supported by experiments conducted by Lytle
et al. that show that repression of a gene was equally effective in DNA
plasmids containing 50 or 30 UTR miRNA binding sites.29

When used in an LNP-mRNA vaccine encoding EBOV VP40, inclu-
sion of miR-122 binding sites did not negatively affect the anti-VP40
IgG antibody response (Figure 4). This is important because if miR-
122 was present in cells critical to antigen presentation and antibody
response, we could have seen reductions in IgG levels compared to
unmodified mRNA. Anti-VP40 IgG levels in animals immunized
with LNP-miR122-VP40 were even higher than those immunized
with unmodified LNP-VP40 or LNP-VP40-miR122. This was
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 5
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surprising, given that the loss of a fraction of expression that would
otherwise be expressed in the liver might damage the immune
response. Conversely, eliminating expression in the liver might
have had the opposite effect since the liver is a site of immune toler-
ance induction.23–26 Therefore, avoiding antigen expression in the
liver could boost mRNA vaccine potency by avoiding liver-mediated
tolerance to the antigen. In fact, some groups have intentionally tar-
geted the liver with LNP-mRNA encoding food, self, or environ-
mental antigens to exploit its tolerogenic nature to treat food or envi-
ronmental allergies as well as autoimmune antigens.30–32

Avoiding antigen expression in the liver could be particularly advan-
tageous for LNP-mRNA vaccines due to the need for repetitive
booster doses as with COVID-19 mRNA vaccines, increasing oppor-
tunities for vector leakage into the bloodstream. Considering that
mRNA vaccines generate cytotoxic T lymphocytes (CTLs) as a mech-
anism of their vaccine action, it may be prudent to de-target their
expression from the liver since these CTLs may kill hepatocytes
that are transfected when the vaccines are boosted. This may cause
liver damage in proportion to the number of hepatocytes that are
transfected. miRNA-122 expression de-targeting may therefore pro-
tect the liver and the patient from their own immune system.

We did not detect VP40 in livers receiving miRNA-modified mRNAs
after IM injection. However, we did detect vaccine protein expression
in the liver after IV injections of the miRNA-modified mRNAs, but
only in the 30 modified LNP-VP40-miR122. We did not observe
VP40 in the 50 miRNA-modified mRNA (Figure S2). This could
partially explain the difference in IgG response seen between 50 and
30 modified mRNAs. This is somewhat contradictory to our reporter
data showing that 50 vs. 30 insertions did not mediate a significant dif-
ference in liver de-targeting; however, tissues for western blot were
taken 8 h after injection versus 18 h after in reporter studies. These
data suggest that the different combinations of miR-122 binding sites
performed equivalently for overall expression de-targeting of bulk
doses of mRNA, but there may be differences in mRNA degradation
kinetics at early time points.

Although this study provides insight into the efficacy of miRNA to de-
target the liver, this approach has several limitations. First, miR-122
binding sites do not prevent LNP particles from distributing to and
entering cells in the liver. Therefore, side effects due to mistargeting
of the nanoparticle’s lipid components themselves could still occur.
Strategies to target LNPs to specific tissues at some level must avoid
cholesterol binding to ApoE to prevent unintended targeting to hepa-
tocytes. In addition, re-targeting efforts can include conjugation of
active receptor binding moieties to particles33 or manipulation of
the particle charge.34,35 These targeting and de-targeting efforts can
be combined with miRNA expression de-targeting to increase vaccine
and therapeutic efficacy while minimizing off-target effects. Second,
care must be taken to ensure that miR-122 is not expressed in the tis-
sue that needs to be treated. This can be particularly challenging in
diseased tissue, where miRNA expression varies from healthy tissue.
Finally, our studies use mouse models to serve as a proof of concept.
6 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
However, the extent of leakage of LNP-mRNA vaccines to the liver in
humans is unclear.

In conclusion, the data presented here show the utility of miR-122
binding sites to reduce off-target liver expression in LNP-mRNA
therapeutics. Integrating miRNA de-targeting with other targeting
strategies can maximize on-target effects while avoiding off-target
side effects like immune tolerization and CTL killing of host cells dur-
ing vaccine boosting.
MATERIALS AND METHODS
IVT mRNA plasmid construction

DNA plasmids were constructed as template IVT. A firefly luciferase
or EBOV VP40 gene was cloned into a plasmid containing an up-
streamT7 promoter and downstream polyadenylation tract. Oligonu-
cleotides containing the miR-122 binding site sequence (caaacaccat
tgtcacactcca) and PacI or NotI restriction site overhangs were an-
nealed. IVT plasmids were digested with PacI or NotI and then ligated
with the annealed oligos for insertion into the 50 or 30 UTR, respec-
tively. The assembled plasmids were then linearized with ApoI to re-
move the plasmid backbone from the T7 cassette.
IVT mRNA synthesis

IVT was performed using the New England Biolabs (NEB) HiScribe
T7 High Yield RNA Synthesis Kit (E2040S). Co-translational capping
was performed using Trilink CleanCap Reagent AG (N-7113). To
minimize immune activation and enhance protein expression,
mRNAs were synthesized using N1-methylpseudouridine-50-triphos-
phate (Trilink, N-1081). After IVT, a DNAase treatment was per-
formed on the mRNA to remove the DNA template. Purification of
the mRNAwas performed using a column-based purification method
(NEB Monarch RNA Cleanup Kit, T2050) and run on a 1% agarose
gel in an RNA denaturing dye to verify quality.
LNP assembly

LNPs were formulated with DSPC (Avanti polar lipids 850365P),
cholesterol (Sigma, C3045), D-Lin-MC3-DMA (MedChemExpress,
HY-112251), and DMG-PEG2000 (Avanti polar lipids 880151P) at
a molar ratio of 10:48:40:2, respectively. Lipid stocks are diluted in
100% ethanol. Particle assembly was performed using the NanoAs-
semblr Ignite (Precision Nanosystems) microfluidics device. The
mRNAs were diluted in 100 mM citrate buffer at pH 4 prior to mixing
with the lipid mix in ethanol. Assembled LNPs were then diluted 40�
in PBS (Ca2+/Mg2+ free) before concentration via Amicon Ultra-15
Centrifugal Filter (Millipore Sigma, UFC901096). The LNPs were
filtered with a 0.2-mM syringe filter (Pall 4602 Acrodisc) and were
then characterized by dynamic light scattering using a Zetasizer
Advance Ultra Red (Malvern Panalytical, ZSU3305) to determine
size, particle concentration, and zeta potential. LNPs were of consis-
tent size (size �80 nm, polydispersity index: 0.05, zeta potential:
�5 mV). The nucleic acid content of the LNPs was determined by
Quant-it RiboGreen RNA assay kit with and without Triton X-100
for LNP lysis to quantify encapsulated mRNA (Invitrogen, R11490).
025
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In vitro experiments

Human cell lines 293T, A549, and Huh7 were seeded on black wall
96-well plates at a density of 12,500 cells per well and incubated over-
night at 37�C, 5% CO2. Cells were transfected with 100 ng mRNA
with each LNP-mRNA and incubated again at 37�C, 5% CO2 for 18
h. Luciferase activity was measured using the Bright-Glo luciferase
assay system (Promega, E2610) and a multiwell plate reader. These
experiments were repeated once.

In vivo experiments

AADmice (The Jackson Laboratory, B6.Cg-Immp2lTg(HLA-A/H2-D)2Enge/J
strainno.: 004191)were injectedeither via IV tail vein or IMinjections to
the right quadriceps for luciferase reporter experiments. Mice were
injectedwith 14mgmRNA for IV experiments.Mice receiving IM injec-
tions of luciferase received 7 mg mRNA. Luciferase imaging was per-
formed on all mice 18 h post-injection using an IVIS Lumina S5
(PerkinElmer). All reporter experiments were repeated once. For
EBOV VP40 vaccines, BALB/c mice were given IM injections of 5 mg
mRNA in both quadriceps (10 mg total). Blood was collected via cheek
bleed, and serum was isolated using BD Microtainer collection tubes.
VP40 vaccinations were performed once. Animals were housed in the
Mayo Clinic animal facility, and all experiments were approved by the
Mayo Clinic Institutional Animal Care and Use Committee. All animal
experiments followed the guidelines of the Animal Welfare Act, Public
Health Service Animal Welfare Policy, and the NIH Guide for the Care
and Use of Laboratory Animals.

ELISA

ELISA plates (MaxiSorp, Thermo Fisher Scientific) were coated over-
night at 4�C with 100 ng/well of recombinant EBOV VP40 (IBT Bio-
services) diluted in 100 mL PBS. Plates were washed twice with 200 mL
1� Tris-buffered saline with 0.1% Tween 20 (TBS-T) before blocking
with 200 mL 5% skim milk in TBS-T overnight at 4�C. After washing
twice with 200 mL TBS-T, sera from each animal were tested in trip-
licate at a 1:1,000 dilution in 5% skim milk in TBS-T and were incu-
bated for 2 h at room temperature. Plates were washed 4 times in
200 mL TBS-T. Then, goat anti-mouse IgG horseradish peroxidase
(HRP) conjugated secondary antibody (Invitrogen) was added at a
1:10,000 dilution in 5% skimmilk and incubated for 2 h at room tem-
perature. Plates were washed four times with TBS-T. Then, 50 mL
1-Step Ultra TMB-ELISA (Thermo Fisher Scientific) was added to
each well and incubated for 25 min at room temperature. Then,
50 mL 2 M sulfuric acid was added to stop the reaction. Absorbance
was read at 450 nm using a Synergy H1 microplate reader
(BioTek). Statistical analysis was performed by two-way ANOVA.

Western blotting

EBOV VP40 mRNA expression was tested by western blotting (Fig-
ure S1). The 293T cells were transfected with LNP-mRNAs contain-
ing miR-122 binding sites-modified or unmodified VP40. Cells were
harvested 16 h after transfection. Total protein concentration was
determined by bicinchoninic acid assay. We loaded 10 mg total pro-
tein into a 12% Mini-PROTEAN TGX gel (BioRad, 4561046). To
detect VP40 in tissues, 10 mg liver and 30 mg muscle were lysed in
Molecu
1 mL radioimmunoprecipitation assay buffer and homogenized using
a Tissue Lyser II (Qiagen) at 25 Hz for 30 s, repeated twice for liver
samples, and at 25 Hz for 2 min, repeated twice for muscle samples.
We loaded 20 mg total protein onto a 12% SDS-PAGE gel. Semi-dry
transfer was performed to transfer protein from the gel to a polyviny-
lidene fluoride (PVDF) membrane. Anti-EBOV VP40 primary anti-
body (IBT Bioservices, 0201-017) was diluted 1:2,000 in 5% skim
milk in TBS-T and incubated overnight at 4�C. After washing the
membrane, goat anti-mouse IgGHRP conjugated secondary antibody
(Invitrogen) was added at a 1:10,000 dilution in 5% skim milk and
incubated for 1 h at room temperature. The PVDF membrane was
then developed with SuperSignal West Pico Plus chemiluminescent
substrate (Thermo Scientific, 34580). Imaging was performed using
BioRad ChemiDoc imaging system. For tissue western blots, livers
were harvested 8 h after injection and snap-frozen on dry ice and
then stored at�80�C. We cut 10 mg of each liver from the frozen tis-
sue and homogenized it using a bead homogenizer to extract protein.
We ran 10 mL of each sample per lane.

Statistical analysis

All statistical analysis was performed using GraphPad Prism
version 10.2.3.
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