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Gene delivery has great potential in modulating protein expression in specific cells to treat diseases. Such
therapeutic gene delivery demands sufficient cellular internalization and endosomal escape. Of various
nonviral nucleic acid delivery systems, lipid nanoparticles (LNPs) are the most advanced, but still, are very
inefficient as the majority are unable to escape from endosomes/lysosomes. Here, we develop a highly
efficient gene delivery system using fusogenic coiled-coil peptides. We modified LNPs, carrying EGFP-
mMRNA, and cells with complementary coiled-coil lipopeptides. Coiled-coil formation between these lipo-
peptides induced fast nucleic acid uptake and enhanced GFP expression. The cellular uptake of coiled-

Received 10th May 2023,
Accepted 15th August 2023

DOI: 10.1039/d3nr02175k

coil modified LNPs is likely driven by membrane fusion thereby omitting typical endocytosis pathways.
This direct cytosolic delivery circumvents the problems commonly observed with the limited endosomal
escape of mRNA. Therefore fusogenic coiled-coil peptide modification of existing LNP formulations to
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Introduction

An understanding of both the human genome and disease
mechanisms has expanded our knowledge of gene-dysregula-
tion related diseases, paving the way for novel gene
therapies.' Gene therapy potentially enables the treatment of
disease at the genetic level by correcting or replacing malfunc-
tioning genes.* This repair or replacement could be achieved
by delivering exogenous nucleic acids such as DNA, mRNA,
small interfering RNA (siRNA), microRNA (miRNA), or anti-
sense oligonucleotides (ASO) to the tissue or organ of interest.>
However, the complexity of cell membranes and cellular bar-
riers impedes the efficient transfer of the genetic cargo into
the organs, tissue, and cells of interest, resulting in a poor
therapeutic effect.*”

Since nucleic acid-based drugs are unable to enter cells and
are inherently unstable in vivo, a drug delivery system is
required. An ideal gene vector should transfect the desired
tissue or organ efficiently, while the vector should be non-
toxic, non-immunogenic, and easy to formulate. State-of-the-
art gene vectors are divided into two major classes: viral and
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enhance nucleic acid delivery efficiency could be beneficial for several gene therapy applications.

nonviral. As viral vectors typically possess high cellular trans-
duction efficiency, many gene therapy clinical trials are using
modified viral vectors such as lentiviruses, retroviruses, adeno-
viruses, and adenovirus-associated viruses.”®® However, the
widespread use of viral vectors is hampered because of side-
effects including potential carcinogenesis, immunogenicity,
broad tropism, limited DNA packaging capacity, and difficulty
of vector production.>*'° In contrast, nonviral vectors could
potentially circumvent these limitations, especially in terms of
safety and the size of encapsulated genetic cargo."” Nonviral
gene vectors in (pre)clinical applications are commonly com-
posed of lipids,'? lipoids,"? or are polymer-based.*

Currently, the most advanced nonviral nucleic acid delivery
system is lipid nanoparticles (LNPs)."*'® LNPs are composed
of an ionizable lipid to condense the genetic cargo and release
it after entering the cells; a cholesterol moiety to stabilize the
LNP structure; a helper lipid; and a PEGylated lipid to improve
colloidal stability and reduce protein absorption.’”” The first
siRNA drug, named Onpattro (Patisiran), was approved in 2018
by the FDA and was designed to treat polyneuropathies
induced by hereditary transthyretin-mediated amyloidosis
(hATTR) in adults. This therapy has been a milestone for non-
viral nucleic acid-based therapies." Onpattro is a lipid nano-
particle (LNP) formulation that upon intravenous adminis-
tration binds serum apolipoprotein E (ApoE), which acts as an
endogenous targeting ligand to the low-density lipoprotein
receptor present in hepatocytes.'®

LNPs cell entry relies on endocytosis, and the efficacy
is dependent on the delivery of encapsulated siRNA to the

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic representation of the nonviral lipid nanoparticles (LNPs) that induce efficient mRNA delivery within cells when modified with

fusogenic coiled-coil peptides.

cytoplasm.'> However, LNPs (and other nanoparticles) trans-
port the encapsulated macromolecules to different subcellular
destinations, the majority of which accumulate in lysosomes
for degradation.'® Studies showed only <2% of the siRNA in
LNPs was able to escape endosomal compartments, resulting
in the release into the cytoplasm;*® and <5% of cytoplasmic
mRNA of LNPs was distributed outside of endosomes, corres-
ponding to endosome escaped events.”" Therefore, there is an
urgent need to overcome this major limitation of inefficient
nucleic acid delivery into cells. Many attempts have been
reported to facilitate endosomal escape by using polyplex-
mediated endosomal swelling nanomaterials,>>** cell-pene-
trating peptides (CPPs),>**® or exogenous stimuli-responsive
biomaterials responding to specific biochemical conditions,
such as change in pH or redox state but to date, there is still a
lack of modified systems resulting in efficient endosomal
escape.’”?°

One way that cells transfer components is via membrane
fusion. Therefore, membrane fusion is critical for many bio-
logical processes, including organelle inheritance in cell
growth and division, chemical synaptic transmission in the
nervous system, and the modulation of synaptic strength in
memory and learning.”” The docking of transport vesicles to
the target plasma membrane in neuronal exocytosis is trig-
gered by coiled-coil formation between complementary SNARE
protein subunits.”® Inspired by the SNARE protein complex,
our group has developed a synthetic membrane fusion system
based on a heterodimeric coiled-coil peptide pair and we have
demonstrated direct drug delivery into the cytosol of living
cells in vitro and in vivo.”*>?

In this study, we applied our fusogenic coiled-coil peptides
to efficiently deliver LNPs into cells to enhance genetic cargo
transfection efficacy via membrane fusion. We developed

This journal is © The Royal Society of Chemistry 2023

coiled-coil peptide modified LNPs encapsulating EGFP-mRNA
to induce efficient cellular delivery and concomitant GFP
expression (Scheme 1). The LNP formulation was modified
with lipopeptide CPE4 (CPE4-LNP) while cells were pretreated
with the complementary lipopeptide CPK4. The addition of
CPE4-LNP to the cells resulted in efficient LNP uptake and
protein expression, which was observed and studied by con-
focal microscopy and flow cytometry. By applying different
endocytosis inhibitors and a lysosome tracker, the internaliz-
ation pathway was investigated. This study demonstrates that,
by utilizing coiled-coil peptides, significant amounts of
genetic cargo can be delivered to cells by evading endocytosis
pathways.

Results and discussion

Comparison of K3/E3 and K4/E4 coiled-coil interactions

Our previous studies showed that both the K3/E3 and K4/E4
coiled-coil pairs (where 3 and 4 correspond to the number of
heptad repeats within the peptides), induced efficient and tar-
geted membrane fusion between liposomes, and liposomes
with cells, both in vitro and in vivo.?°? In order to determine
which pair was most suitable for this study we evaluated their
coiled-coil forming and cargo delivery properties. Circular
dichroism (CD) spectroscopy (Fig. Slat), confirmed both K3/
E3 and K4/E4 pairs formed coiled coils efficiently. The K4/E4
pair is composed of one additional heptad repeat compared to
K3/E3, and as expected the former peptide pair yielded a
more-folded complex. Cellular internalization of En-modified
fluorescent liposomes in Kn-modified HeLa cells was sub-
sequently quantified by flow cytometry (Fig. S1bt), demonstrat-
ing that both K3/E3 and K4/E4 induced cellular uptake,
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however K4/E4 exhibited significantly higher cell uptake.
When comparing the mean fluorescence intensity (MFI) of
fluorescent cells (Fig. Sic and dt), we observed that the K4/E4
pair is the most fusogenic as the cells showed the highest
levels of fluorescence. We also observed that CPK4 modified
liposomes were able to enter cells quite efficiently when the
cells were pretreated with CPE4 and even in the absence of
CPE4, presumably due to non-specific electrostatic interactions
between the positively charged CPK4 lipopeptides and the
negatively charged cell membranes. To exclude that undesir-
able electrostatic interaction, we decided to focus on the E
modified lipid-nanoparticles, while cells pretreated with CPK.

Next, we studied whether these findings were also valid for
the delivery of LNPs to cells. We formulated LNPs encapsulat-
ing Alexa488-labeled nucleic acid and modified these with
1 mol% of either CPE3 or CPE4 yielding CPE3-LNP and CPE4-
LNP. HeLa cells were pretreated with the complementary CPKn
and cellular uptake of the LNPs was quantified by flow cytome-
try measurements. Again, the CPK4/CPE4 pair exhibited
enhanced cellular uptake as compared to the CPK3/CPE3 pair
(Fig. S1e and f¥).

Therefore, we utilized the K4/E4 peptide pair with CPK4 at
the cell membrane and CPE4 in the LNPs in the following
experiments to achieve optimal coiled-coil formation.

Lipid nanoparticle characterization

The lipid composition of the clinically approved LNP formulation
Onpattro  (Dlin-MC3-DMA : cholesterol : DSPC : DMG-PEG2K =
50:38.5:10:1.5) has been optimized for potent silencing of
protein expression in cells by delivery of siRNA." To investigate
the efficacy of coiled-coil mediated mRNA delivery into cells, we
opted to formulate CPE4-LNP with the same lipid composition as
Onpattro and added 1 mol% of CPE4 (Fig. 1a and b). Dynamic
light scattering (DLS) was used to determine the hydrodynamic
diameters of both plain and CPE4-modified LNPs after encapsu-
lating EGFP-mRNA. These diameters were found to be 80 and
95 nm respectively with low polydispersities (PDI) (Fig. 1c). Both
formulations had a near-neutral zeta-potential, thus the presence
of 1 mol% CPE4 did not influence the surface charge signifi-
cantly. mRNA encapsulation efficiency was slightly lower for
CPE4-LNP, which might be due to electrostatic repulsion between
the negatively charged peptide E and the mRNA. Nonetheless,
the encapsulation efficiency exceeded 85%. Cryogenic trans-
mission electron microscopy (cryo-EM) imaging revealed a spheri-
cal morphology for CPE4-LNP, similar to plain LNP, and the
majority of both LNPs (>80%) had a diameter of 30-70 nm
(Fig. 1d and e). The long-term colloidal stability of both LNPs was
determined for 10 days and no discernable deviations were
observed in either diameter or PDI, indicating that both LNP for-
mulations were stable over this timeframe (Fig. 1f). Upon repla-
cing EGFP-mRNA with Alexa488 labeled nucleic acid, the size dis-
tribution and morphology were identical to the EGFP-mRNA
encapsulated LNPs (Fig. S2a-ct). In summary, the addition of
1 mol% of coiled-coil peptide CPE4 to plain LNP did not change
the physicochemical properties of LNPs, thus differences in cell
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uptake and protein expression can be related to the presence of
coiled-coils (vide infra).

Cell uptake of LNPs

The uptake of LNPs containing Alexa-488 nucleic acid in HeLa
cells and the influence of the E4/K4 coiled-coil pair was
studied using confocal microscopy and flow cytometry
measurements for qualitative and quantitative analysis
(Fig. S3at). The plain LNP formulation served as a control, and
1 mol% of red-fluorescent PE-LR was added to follow the
uptake and location of the lipids. Confocal microscopy
imaging revealed that CPK4 decorated HeLa cells induced
abundant Alexa488-labeled nucleic acid cellular uptake after
only 15 minutes of incubation with CPE4-LNP (Fig. 2a). If
LNPs enter cells via a process of membrane fusion, it is
expected that the lipid dye PE-LR remains mainly bound to the
plasma membrane while the content (i.e. nucleic acid) enters
the cytoplasm.*>?* Interestingly, colocalization of Alexa488
nucleic acid and PE-LR decreased, indicating that membrane
fusion and content nucleic acid release indeed had occurred
when using the coiled-coil peptides CPE4/CPK4. In contrast, in
plain LNP or control experiments in which only one of the
coiled-coil peptides was present, only limited nucleic acid and
lipid uptake could be detected.

Flow cytometry was used to quantify the cellular uptake of
the LNPs. The most efficient uptake was observed when HeLa
cells were pretreated with CPK4 and incubated with CPE4-LNP,
in accordance with the confocal microscopy study. Within
15 minutes of incubation, 99.9% of the cells had nucleic acid
internalized, while plain LNP or the control groups revealed
negligible delivery (Fig. 2b). In addition, the mean fluo-
rescence intensity (MFI) analysis of the Alexa488-nucleic acid
internalized by cells was significantly higher when coiled-coil
peptides were used over all other groups (Fig. 2c and d). These
results confirmed that the fusogenic coiled-coil system
induced rapid and efficient nucleic acid cellular uptake.

To study whether the E4/K4 pair is able to enhance nucleic
acid delivery in other cell types, Chinese hamster ovary (CHO),
mouse fibroblast NIH/3T3, and human T cell lymphocyte
Jurkat cells were transfected with LNPs. Again, CPK4-pre-
treated cells incubated with CPE4-LNP for 15 minutes resulted
in the highest uptake of nucleic acid, regardless of cell type
(Fig. 3a, Fig. S3b and ct). In line with previous results on HeLa
cells, negligible nucleic acid delivery was observed for plain
LNP and all control groups with CHO and NIH/3T3 cells, con-
sistent with flow cytometry analysis (Fig. 3b and c). Jurkat cells
are regarded as a hard-to-transfect cell line.>**® By applying
our fusogenic coiled-coil peptides, CPK4-pretreated Jurkat cells
incubated with CPE4-LNP produced superior nucleic acid
internalization (Fig. 3a-c and Fig. S3dt), as compared to all
other groups, which showed only limited nucleic acid uptake.

Altogether, this cell uptake study confirmed that fusogenic
coiled-coil modified LNP can efficiently deliver nucleic acid in
high yields to various cell lines as compared to the clinically
approved LNP formulation.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Design and characterization of LNPs carrying EGFP-mRNA. (a) Structures of lipids used for the preparation of LNPs. (b) Lipid composition of
LNPs (mol%). (c) Characterization of LNPs. (d) Cryo-EM images of LNPs. The scale bar is 50 nm. (e) Size distribution of EGFP-mRNA encapsulated
LNPs as determined by cryo-EM. The values were calculated from the size distribution frequency. (f) Long-term stability of LNPs. LNPs were stored
at 4 °C in a PBS buffer. The nanoparticle diameter and PDI were monitored by DLS (mean + s.d., n = 3).
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Fig. 2 Nucleic acid delivery to Hela cells using fusogenic coiled-coil LNPs. (a) Confocal microscopy images of cellular internalization of LNPs with
Hela cells. Hela cells were pretreated with micellar CPK4 (10 pM, 200 pL) for 2 hours. After removal of the supernatant, cells were incubated with
CPE4-LNP containing Alexa488-nucleic acid (200 pM, 200 plL) for 15 minutes, washed, and imaged. Blue: Hoechst 33342; green: Alexa488-nucleic
acid; red: LR-PE; BF: bright field. The scale bar is 20 pm. (b) Cellular internalization efficiency of LNPs with Hela cells quantified by flow cytometry
(representative dataset from n = 3 per group). (c and d) Fluorescence intensity of cells treated with LNPs carrying Alexa488-nucleic acid. An unpaired
student t-test was used to determine the significance of the comparisons of data indicated in d (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
In all panels, error bars represent the mean + s.d. (representative dataset from n = 3 biologically independent samples).
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Fig. 3 Evaluation of cellular nucleic acid delivery by coiled-coil functionalized LNPs with other cell lines. (a) Confocal images of CPE4-LNP with
CPK4 pretreated CHO, NIH/3T3, and Jurkat cells. Blue: Hoechst 33342; green: Alexa488-nucleic acid. Scale bar is 20 pm. (b and c) The fluorescence
intensity of internalized LNPs in CHO, NIH/3T3, and Jurkat cells. Alexa488-nucleic acid served as the fluorescent dye. Cells were pretreated with a
micellar CPK4 solution (10 pM, 200 pL, 2 h), and after removal of the medium LNPs containing Alexa488-nucleic acid were added (200 pM, 200 pL,
15 min), and the cells were washed again before confocal and flow cytometry measurements (representative dataset from n = 3 per group).
Unpaired student t-test was used to determine the significance of the comparisons of data indicated in b (*P < 0.05; **P < 0.01; ***P < 0.001; ****P <
0.0001). In all panels, error bars represent mean + s.d. (representative dataset from n = 3 biologically independent samples).

somes/lysosomes into the cytosol.*>*® However, this is typically
an inefficient process, as most of the cargo is not released thus
the therapeutic effect is lowered. Therefore novel approaches
that facilitate direct cytosolic delivery, and bypass endosomal

Evaluation of lysosome co-localization

Effective nucleic acid internalization and subsequent transfec-
tion require efficient escape of the genetic cargo from endo-
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entrapment, resulting in enhanced transfection efficiency are
needed.

Coiled-coil mediated uptake of LNPs was studied as a func-
tion of time. For this, CPK4-pretreated cells were incubated
with CPE4-LNPs encapsulating fluorescent nucleic acids for
15 minutes and colocalization analysis of nucleic acid with
lysosome was studied. Confocal imaging revealed negligible
nucleic acid colocalization with lysosomes during the follow-
ing 0-8 h as confirmed by Pearson’s correlation coefficient
(PCC) and Mander’s overlap coefficient (MOC) calculations,
with the majority being dispersed in the cytosol (Fig. 4a and
b). In contrast, Gilleron et al. quantified siRNA delivered to
cells using LNPs and found that up to 70% was colocalized
with lysosomes.>°

Our data strongly suggests that fusogenic coiled-coil pep-
tides enhance the cellular uptake of LNPs and increase the
delivery of genetic cargo to the cytosol of cells, bypassing
accumulation in endosomes and lysosomes. Therefore this
approach holds promise for efficient transfection of cells with
functional mRNA.

Cellular uptake mechanism of LNPs

As our fusogenic coiled-coil system appears to facilitate mem-
brane fusion, we wanted to discover whether the uptake
mechanism of coiled-coil peptide modified LNPs was different
from plain LNPs. Therefore coiled-coil mediated cell uptake of
LNPs was studied in the presence of different cellular endocy-
tosis inhibitors (i.e. Wortmannin,*"*> Nocodazole,*® Pitstop
2,"  Dynasore,”*®  Genistein,"”’*®*  Methyl-B-cyclodextrin
(MBCD),*”**® and Sodium azide®°).

Cellular uptake of nucleic acid in the presence of endocyto-
sis inhibitors was analyzed by flow cytometry (Fig. 4c), and the
fluorescence intensity was normalized against the non-inhibi-
tor treated group (control: CPK4-HeLa + CPE4-LNP). None of
the endocytosis inhibitors appeared to influence the cellular
uptake of nucleic acid, although incubation at 4 °C seemed to
decrease the uptake efficiency slightly. Confocal imaging also
demonstrated that there were no apparent adverse effects on
nucleic acid delivery as the overall distribution in the presence
of all tested inhibitors was still comparable to the control
group (Fig. S4at). These results support the hypothesis that
the dominant cell uptake pathway for coiled-coil mediated
nucleic acid delivery is independent of typical endocytosis and
is mainly membrane fusion mediated. This pathway avoids
endosomal entrapment of genetic cargo and results in
enhanced transfection.

For unmodified LNP, cell entry is dependent on endocytic
pathways.’®" Gilleron et al. showed that dynasore reduced
LNP uptake by around ~75%.”° Hence, the cellular uptake
mechanism of unmodified LNP was evaluated as a contrast to
the fusogenic coiled-coil LNP system. To ensure sufficient cell
uptake, plain LNP was incubated with cells for 4 hours. As
expected, flow cytometry and confocal imaging of the cellular
uptake of plain LNP showed nucleic acid internalization was
remarkably reduced by NaNj;, dynasore, and incubation at 4 °C
(Fig. 4d and Fig. S4b¥). These results confirm that internaliz-
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ation of unmodified LNP is mainly mediated by clathrin-
dependent endocytosis.

In summary, while unmodified LNP uptake is mediated by
the clathrin-dependent endocytic pathway, our fusogenic
coiled-coil LNP system successfully delivered nucleic acid into
cells through membrane fusion, avoiding endosomal entrap-
ment of nucleic acid and resulting in enhanced nucleic acid
delivery.

mRNA transfection

Gene therapy requires a high transfection efficiency to fulfill
successful gene-modulating effects. We have shown that fuso-
genic coiled-coil peptides can improve the delivery of nucleic
acids to the cytosol of cells. We then evaluated the transfection
performance of the modified LNPs. For this, EGFP-mRNA was
encapsulated in LNPs and after transfection, the expression of
green fluorescent protein (GFP) was quantified as an easily
detectible indicator for functional mRNA delivery. The mRNA
concentrations of LNPs were determined by the RiboGreen
RNA assay.

Four cell lines were used to study the gene transfection
efficiency: HeLa, CHO, NIH/3T3, and Jurkat. Confocal imaging
of transfected HeLa cells showed that CPK4-pretreated HeLa
cells incubated with CPE4-LNP carrying EGFP-mRNA for
2 hours achieved the highest level of GFP expression, as almost
every cell produced strong and uniform GFP expression
(Fig. 5a). In contrast, the commonly used commercial transfec-
tion reagent lipofectamine 3000 (Lipo3K) only transfected a
few cells. LNP and the control groups that lack one of the pep-
tides achieved only minor GFP expression. Quantitative ana-
lysis by flow cytometry confirmed the confocal imaging study
(Fig. 5b). The fusogenic coiled-coil mediated LNP delivery
achieved almost quantitative GFP expression in all cells
(99.9%), while lipofectamine 3000 mediated transfection
resulted in 54.7% GFP positive cells. In addition, all other
groups lacking either one or both peptides failed to induce
relevant levels of GFP expression. Analysis of the GFP mean
fluorescence intensity also illustrated that coiled-coil mediated
delivery induced a 50-fold increase in GFP expression as com-
pared to LNP and all other groups (Fig. 5¢, d and Fig. S7aft).
Interestingly, non-CPK4 pretreated HeLa cells incubated with
CPE4-LNP induced a reasonable level of GFP-positive cells.
However, the MFI in these GFP-positive cells was significantly
lower as compared to the fusogenic coiled-coil group. The pro-
longed incubation time of the cells with CPE4-LNP in this
experiment (2 hours) might be the cause for this observation.

Next, transfection of cells with EGFP-mRNA was investi-
gated in other cell lines. CHO and NIH/3T3 cells also showed a
robust GFP expression using the fusogenic coiled-coil peptides
(Fig. S5a-df). Again, the peptide-mediated delivery of mRNA
was superior compared to plain LNP or the control groups
lacking one of the peptides. Transfection enhancement by the
fusogenic coiled-coil LNP system compared to plain LNP was
>50-fold in HeLa cells, 63-fold in CHO cells, and 29-fold in
NIH/3T3 cells (Fig. S7a—ct).
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Fig. 4 Investigation of cellular delivery pathways of LNPs by fusogenic coiled-coil peptides. (a) Confocal images of coiled-coil mediated uptake of LNPs as a
function of incubation time in Hela cells after 15 min uptake; lysosome colocalization is studied by staining lysosomes with lyso-tracker deep red. Hela cells
were pretreated with CPK4 (10 pM, 200 plL) for 2 hours and incubated with CPE4-LNP carrying Alexa488-nucleic acid (200 pM, 200 pL) for 15 min, washed, and
replaced by medium. Imaging was performed as a function of time. Blue: Hoechst 33342; green: Alexa488-nucleic acid; red: lyso-tracker deep red. The scale
bar is 10 um. (b) Quantitative colocalization analysis of Alexa488-nucleic acid (green curve) and lysosomes (red curve) in the dashed arrow area of the merge
channel as a function of time using Image J. PCC (Pearson correlation coefficient): value can be —1-+1, where +1 indicates perfect correlation, —1 indicates
perfect but negative correlation, 0 indicates the absence of a relationship. MOC (Mande’s overlap coefficient): The value can be 0—1, where 1 indicates complete
overlap and 0 indicates complete separation.>>~>* (c) Quantification of Alexa488-nucleic acid delivery to CPK4-pretreated HeLa cells using CPE4-LNP (200 uM,
200 pL) after incubation for 15 min in the presence of various endocytosis inhibitors. Fluorescence intensity was normalized to Alexa-488-nucleic acid delivery
in the absence of inhibitors. (d) Quantification of cellular internalization efficiency of unmodified LNP (200 pM, 200 pL) after a 4 h incubation period in the pres-
ence of various endocytosis inhibitors. Error bars represent mean + s.d. (representative dataset from n = 3 biologically independent samples).
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Fig. 5 Transfection efficiency of the coiled-coil system with Hela cells. (a) Confocal images of the EGFP-mRNA transfection of LNPs. Lipo3K: lipo-
fectamine 3000; GFP: green fluorescent protein; BF: bright field. The scale bar is 20 um. (b) The quantification of EGFP-mRNA transfection
efficiency of LNPs. (c and d) The GFP expression fluorescence intensity (GFP MFI) of LNPs. HelLa cells were first incubated with CPK4 (10 uM, 200 pL,
2 h), followed by incubation with EGFP-mRNA encapsulated LNPs (1 ung mL™%, 2 h). Cells were then washed 3 times and cultured for another 18-24 h
before confocal and flow cytometry measurements (representative dataset from n = 3 per group). Unpaired student t-test was used to determine
the significance of the comparisons of data indicated in b, and c, (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). In all panels, error bars rep-
resent mean + s.d. (representative dataset from n = 3 biologically independent samples).

The mRNA transfection in T lymphocyte Jurkat cells was
studied. Confocal imaging and flow cytometry data revealed
that most Jurkat cells became GFP positive and GFP
expression intensity (MFI) was the highest when the fuso-
genic coiled-coil peptides were used (Fig. S6a-df). Again,
transfection was significantly higher when compared to
plain LNP or control groups missing one of the peptides.
Interestingly, lipofectamine 3000 transfection of Jurkat cells
was very inefficient. Overall, GFP expression levels in Jurkat
were lower compared to HeLa cells, but still, the fusogenic
coiled-coil LNP system induced a significant level of trans-

15214 | Nanoscale, 2023, 15, 15206-15218

fection enhancement, which was >3-fold higher compared to
LNP (Fig. S7d¥).

To ensure that no cholesterol-PEG fusion peptides are
released from the membrane, we performed the following
experiment, see the protocol in Scheme S1.f We observed a
specific CPE4 peak (rt = 5.31 min) in the groups of Pure CPE4
and CPE4-LNP formulation (Fig. S9at). Meanwhile, the CPE4-
Micelle solution after centrifugation also showed an identical
CPE4 peak, which demonstrated that free CPE4 is able to pass
through the 300 kDa cut-off membrane. However, no free
CPE4 was detected after the separation from CPE4-LNP.

This journal is © The Royal Society of Chemistry 2023
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Therefore, we showed that the CPE4 did not dissociate from
the CPE4-LNP. In another experiment, we studied the effect of
free CPE4 on mRNA transfection (Fig. S9bt). For this, free
CPE4 micelles were mixed with a batch of CPE4-LNPs and
added to CPK4 pretreated HeLa cells. We showed that the pres-
ence of free CPE4 (10-40 mol% relative to CPE4 in CPE4-LNP)
did not influence GFP expression.

In summary, LNP-mediated mRNA delivery using fusogenic
coiled-coil peptides is an effective approach to obtaining high
levels of protein expression in various cell lines and could act
as a potent nonviral vector able to achieve efficient mRNA
transfection of cells.

Cytotoxicity assay of LNPs

For successful nucleic acid-based therapies, it is important to
keep a balance between transfection efficiency and cytotoxicity
of the gene vector. Thus, the expression of GFP was studied as
a function of the dose of LNPs carrying EGFP-mRNA, and the
cell viability was determined in parallel. Near quantitative GFP
expressing cells were obtained at a dose of 1 ug mL™" EGFP-
mRNA (Fig. S8at). Next, cell viability after transfection was
determined using the cell proliferation reagent WST-1. No sig-
nificant toxicity was observed at all tested doses of EGFP-
mRNA, and cell viability differences between plain LNP and
coiled-coil modified LNP were not statistically significant.
Interestingly, at higher doses the commercial reagent lipofecta-
mine 3000 was shown to be more toxic (Fig. S8bt). Altogether,
these results demonstrate that our coiled-coil gene delivery
system achieves potent transfection efficiency without altering
the cytotoxicity profile of LNPs.

Conclusions

Nonviral vectors can be used to encapsulate a wide variety of
nucleic acid-based cargoes with a large range of molecular
weights, including RNA (e.g. siRNA, mRNA, microRNA, ASO),
DNA (e.g. plasmids), and genome editing tools (e.g. CRISPR/
Cas, base editing, prime editing). The delivery of these cargoes
using these vectors greatly facilitates precise and permanent
correction of diseased genes.>*>*® Furthermore, multiple var-
iants can be encapsulated and delivered using the same
vector. To date, the design of novel nonviral vectors mainly
focuses on establishing effective formulations capable of silen-
cing, correcting, or introducing specific genes with minimal
adverse effects.>”’

In this study, we showed that fusogenic coiled-coil peptides
can induce efficient cellular internalization and potent trans-
fection of nucleic acids in vitro. The introduction of 1 mol% of
lipopeptide CPE4 to the LNP formulation did not alter physico-
chemical parameters such as size, zeta-potential, and mRNA
encapsulation efficiency. However, CPE4 exerted a significantly
enhanced internalization and transfection effect when target
cells were pretreated with the complementary lipopeptide
CPK4. Qualitative evaluation of transfection with confocal
microscopy and quantitative analysis with flow cytometry

This journal is © The Royal Society of Chemistry 2023
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revealed efficient nucleic acid uptake within 15 minutes of
incubation when the fusogenic coiled-coil peptides were used.
In contrast, plain LNP and all control groups were unable to
deliver measurable amounts of nucleic acid within this time-
frame. Coiled-coil mediated LNP transfection to cells is fast
(within 2 hours of incubation) when compared to other cat-
ionic and lipid nanoparticles; these typically require longer
incubation times (sometimes up to 72 h) to obtain significant
transfection.’®>® Furthermore we confirmed that the coiled-
coil system is functional on various cell lines including CHO,
NIH/3T3, and the hard-to-transfect Jurkat cells.

Gene delivery into cells using non-viral vectors often suffers
from a poor ability to escape from the endosomal and/or lyso-
somal compartments. For siRNA, the endosomal escape was
determined to be around 1-2%, making delivery very ineffi-
cient and thus lowering the potential therapeutic effect.”® This
is because endosomal escape is often spatio-temporally
limited and only occurs in the brief stage of endo-lysosomal
maturation.”®*° Various approaches have been investigated to
enhance endosomal escape efficiency, examples are the intro-
duction of cell-penetrating peptides,’***> endosome disrupting
peptides,**® and photochemical internalization.®*> However,
these approaches typically lack cell selectivity,*® causing mem-
brane destruction,®® and resulting in cytotoxicity.®*®® Using
fusogenic coiled-coil peptides, we managed to circumvent
endosomal entrapment and achieve direct cytosolic delivery of
nucleic acid. This direct delivery was proven by performing
uptake studies in the presence of common endocytosis inhibi-
tors and quantifying the fraction of nucleic acid inside CPE4-
LNP localized in lysosomes. Transfection of cells with EGFP-
mRNA using fusogenic coiled-coil peptides resulted in an
enhanced transfection performance as shown by the near-
quantitative number of GFP positive cells and the high
expression level of GFP in these cells as compared to plain
LNP (up to a 63-fold increase in GFP expression). Furthermore,
the control studies revealed that both coiled-coil peptides are
required for efficient transfection, highlighting the importance
of the coiled-coil interaction for the delivery of mRNA and con-
comitant protein expression. Our approach also outperformed
the commercial reagent lipofectamine 3000 in all studies.
Thus using fusogenic coiled-coil peptides lowers the amount
of mRNA required to reach a desired expression level, which is
also beneficial for cell viability. In this study, EGFP-mRNA was
used, but any other nucleic acid could be delivered in a similar
fashion.

The current approach requires the pretreatment of cells
with CPK4, rendering it impractical for in vivo applications via
systemic administration. Nevertheless, in vitro/ex vivo delivery
and other in vivo delivery approaches other than i.v. injections,
such as local/subcutaneous injections may be feasible. Since
our approach has shown successful and enhanced genetic
transfection on Jurkat cells, a potential application could be
adoptive cell therapy.®®"®® Except for viral transduction, other
attempts of lymphocyte transfection often apply electropora-
tion and nucleofection to deliver exogenous genes into T
cells,®®7° but it requires specialized equipment, disrupts mem-
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brane, produces cytokine, causes cytoplasmic content loss and
cytotoxicity, and unable to penetrate membrane across cells
consistently.”"”* Coiled-coil mediated LNP delivery might also
be applicable to the gene-editing field, such as CRISPR/Cas9
editing’®’* and prime gene editing.”> The highly efficient,
transient, non-integrating Cas9 expression could greatly
reduce the off-target effects, immune responses, and inte-
gration into the genome, which could be accomplished by our
nonviral fusogenic coiled-coil delivery system.

In conclusion, fusogenic coiled-coil peptides can signifi-
cantly enhance the delivery of nucleic acid to cells using LNPs.
By circumventing the endosomal pathway, the genetic cargo is
delivered to the cytosol of cells. For mRNA delivery, this
resulted in an up to a 63-fold increase in protein expression as
compared to unmodified LNP, opening new avenues for
nucleic acid based therapies. Furthermore, we showed efficient
transfection in various cell lines with substantial improvement
as compared to the commercial transfection reagent lipofecta-
mine 3000. Thus modification of LNPs with fusogenic coiled-
coil peptides could serve as a promising strategy to enhance
LNP efficacy to deliver nucleic acid based therapies in vitro,
ex vivo, and potentially in vivo.
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