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Abstract

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
the various nonviral nucleic acid delivery systems, lipid nanoparticles (LNPs) are the most advanced.
Unfortunately most nonviral delivery systems like LNPs, are very inefficient in delivering nucleic
acids to cells as the large majority is unable to escape endosomes/lysosomes. Here, we develop a
highly efficient gene delivery system using fusogenic coiled-coil peptides. We modified LNPs,
carrying EGFP-mRNA, and cells with complementary coiled-coil lipopeptides. Coiled-coil formation
between these lipopeptides induced fast nucleic acid uptake and enhanced GFP expression. The
cellular uptake of coiled-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 enhance nucleic acid delivery efficiency could be
beneficial for several gene therapy applications.
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Introduction

An understanding of both the human genome and disease mechanisms has expanded our knowledge
of gene-dysregulation 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
malfunctioning genes.* This repair or replacement could be achieved by delivering exogenous nucleic
acids such as DNA, mRNA, small interfering RNA (siRNA), microRNA (miRNA), or antisense
oligonucleotides (ASO) to the tissue or organ of interest.> However, the complexity of cell membranes
and cellular barriers 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 ideally easy to formulate.
State-of-the-art gene vectors are divided into two major classes: viral and nonviral. As viral vectors
typically possess high cellular transduction efficiency, many gene therapy clinical trials are using
modified viral vectors such as lentiviruses, retroviruses, adenoviruses, and adenovirus-associated
viruses.*%® However, 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 composed of lipids,'? lipoids,'* or are polymer-
based.?

Currently, the most advanced nonviral nucleic acid delivery system is lipid nanoparticles (LNPs).!*1>
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 nonviral nucleic acid-based therapies.! Onpattro is a lipid nanoparticle (LNP) formulation that
upon intravenous administration 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 cytoplasm.'> However, LNPs (and other nanoparticles) transport the encapsulated
macromolecules to different subcellular destinations, the majority of which accumulates in lysosomes
for degradation.'® Studies showed only <2% of the siRNA in LNPs was able to escape endosomal
compartments, resulting in release into the cytoplasm;'® and <5% of cytoplasmic mRNA of LNPs
was distributed outside of endosomes, corresponding 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-penetrating peptides (CPPs),>** or exogenous stimuli-
responsive biomaterials responding to specific biochemical conditions, such as a change in pH or
redox state but to date, there is still a lack of modified systems resulting in efficient endosomal
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escape.?l'?

One way that cells transfer components is via membrane fusion. Therefore, membrane fusion is
critical for many biological 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 triggered 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.?%3°

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 coiled-coil peptide
modified LNPs encapsulating EGFP-mRNA to induce efficient cellular delivery and concomitant
GFP expression (Scheme 1). The Onpattro 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 confocal microscopy and flow cytometry. By applying different endocytosis inhibitors
and a lysosome tracker, the internalization 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

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 targeted
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 (SI Fig. 1a), 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
subsequently quantified by flow cytometry (SI Fig. 1b), demonstrating that both K3/E3 and K4/E4
induced cellular uptake, however K4/E4 exhibited significantly higher cell uptake. When comparing
the mean fluorescence intensity (MFI) of fluorescent cells (SI Fig. 1c-1d), 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 efficiently, even in the absence of
E4 on the cell surface, presumably dues to interactions between the positively charged CPK4
lipopeptides and the negatively charged cell membranes.

Next, we studied whether these findings were also valid for the delivery of LNPs to cells. We
formulated LNPs encapsulating 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 internalization of the LNPs was quantified by fluorescence measurements.
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Again, the CPK4/CPE4 pair exhibited enhanced cellular internalization as compared to the
CPK3/CPE3 pair (SI Fig. 1e-1f).

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 and to exclude undesirable
electrostatic interactions between positive CPK4 decorated LNPs and negatively charged cell
membrane.
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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.

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-LNPs with the same lipid composition as
Onpattro and added 1 mol% of CPE4 (Fig. 1a-b). Dynamic light scattering (DLS) was used to
determine the hydrodynamic diameters of both plain and CPE4-modified LNPs after encapsulating
EGFP-mRNA. These diameters were found to be 80 and 95 nm respectively with low polydispersities
(PDI) (Fig. 1¢). Both formulations had a near-neutral zeta-potential, thus the presence of 1 mol%
CPE4 did not influence the surface charge significantly. 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 (Fig. 1c). Nonetheless, the encapsulation efficiency exceeded 85%.
Cryogenic transmission electron microscopy (cryo-EM) imaging revealed a spherical morphology for
CPE4-LNP, similar to plain LNP, and the majority of both LNPs (>80%) had a diameter of 30-70 nm
(Fig. 1d-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 formulations
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were stable over this timeframe (Fig. 1f). Upon replacing EGFP-mRNA with Alexa488 labeled
nucleic acid, the size distribution and morphology were identical to the EGFP-mRNA encapsulated
LNPs (SI Fig. 2a-2¢). In summary, the addition of 1 mol% of coiled-coil peptide CPE4 to Onpattro
LNPs did not change the physicochemical properties of LNPs, thus differences in cell uptake and
protein expression can be related to the presence of coiled-coils (vide infra).
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Figure 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 %). (¢) Characterization of LNPs. (d) Cryo-EM images
of LNPs. 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 PBS buffer. The nanoparticle diameter and PDI were monitored by DLS (mean + s.d., n = 3).

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 (SI Fig. 3a). The Onpattro 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 internalization 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 LR-PE remains
mainly bound to the plasma membrane while the content (i.e. nucleic acid) enters the cytoplasm.’!-3
Interestingly, colocalization of Alexa488 nucleic acid and LR-PE decreased, indicating that
membrane fusion and content nucleic acid release indeed had occurred when using the coiled coils
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 experiments revealed negligible delivery (Fig. 2b).
In addition, the mean fluorescence intensity (MFI) analysis of the Alexa488-nucleic acid internalized
by cells was significantly higher when coiled-coil peptides were used over all other LNPs (Fig. 2¢-
2d). These results confirmed that the fusogenic coiled-coil system induced rapid and efficient nucleic
acid internalization.

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-pretreated cells incubated with CPE4-LNP for 15 minutes
resulted in the highest uptake of nucleic acid, regardless of cell type (Fig. 3a, SI Fig. 3b-3¢). In line
with previous experiments in HeLa cells, negligible nucleic acid delivery was observed for plain LNP
and all control groups with CHO and NIH/3T3 cells, consistent with flow cytometry data (Fig. 3b-
4c). Jurkat cells are regarded as a hard-to-transfect cell line.>>**3¢ By applying our fusogenic coiled-
coil peptides, CPK4-pretreated Jurkat cells incubated with CPE4-LNPs produced superior nucleic
acid internalization (Fig. 3a-3c, SI Fig. 3d), 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 Onpattro
LNP formulation.
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Figure 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 uM, 200
puL) for 2 hours. After removal of the supernatant, cells were incubated with CPE4-LNP containing Alexa488-
nucleic acid (200 uM, 200 pL) for 15 minutes, washed, and imaged. Blue: Hoechst 33342; green: Alexa488-nucleic
acid; red: LR-PE; BF: bright field. Scale bar is 20 um. (b) Cellular internalization efficiency of LNPs with HeLa
cells quantified by flow cytometry. (c-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
ind (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). In all panels, error bars represent the mean +
s.d. (n=3).

Evaluation of lysosome colocalization

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

Coiled-coil mediated uptake of LNPs was studied as a function of time. For this, CPK4-pretreated
cells were incubated with CPE4-LNPs encapsulating fluorescent nucleic acids for 15 minutes and cell
uptake was studied. Confocal imaging revealed negligible nucleic acid colocalization with lysosomes
during the following 0-8 h, with the majority being dispersed in the cytosol (Fig. 4a,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 peptides 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.
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Figure 3. Evaluation of cellular nucleic acid delivery by coiled-coil functionalized LNPs with other cell lines.
(a) Confocal images of LNPs with CHO, NIH/3T3, and Jurkat cells. Blue: Hoechst 33342; green: Alexa488-nucleic
acid. Scale bar is 20 um. (b-¢) 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 puM,
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. 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. (n=3).
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Cellular internalization of LNPs

As our fusogenic coiled-coil system appears to facilitate membrane fusion, we wanted to discover
whether the internalization 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 endocytosis inhibitors (i.e. Wortmannin,***° Nocodazole,*' Pitstop 2%
Dynasore,*>* Genistein,***® Methyl-B-cyclodextrin (MBCD),***” and Sodium azide*®).

Cellular internalization of nucleic acid in the presence of endocytosis inhibitors was analyzed by flow
cytometry (Fig. 4¢), and the fluorescence intensity was normalized against the non-inhibitor treated
group (control: CPK4-HeLa+CPE4-LNP). None of the endocytosis inhibitors appeared to influence
nucleic acid internalization, although incubation at 4°C seemed to decrease the internalization
efficiency slightly. Confocal imaging also demonstrated that there was 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 (SI Fig. 4a). These results support the hypothesis that the dominant
pathway for coiled-coil mediated nucleic acid delivery is independent of 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.*®* Jerome et al. showed that
dynasore reduced LNP uptake by around ~75%." Hence, unmodified LNP were evaluated as a
contrast to the fusogenic coiled-coil LNP system. As expected, after 4 hours of incubation, flow
cytometry and confocal imaging of the cellular uptake of plain LNP showed nucleic acid
internalization was remarkably reduced by NaNj3, dynasore, and incubation at 4 °C (Fig. 4d, SI Fig.
4b). These results confirm that internalization 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 entrapment of nucleic acid and resulting in enhanced nucleic
acid delivery.
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Figure 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 pL) for 2 hours and incubated with CPE4-LNP carrying Alexa488-nucleic acid (200 puM,
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. 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. (¢) Quantification of Alexa488-nucleic acid delivery to CPK4-pretreated HeLa cells
using CPE4-LNP (200 puM, 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 presence of various endocytosis inhibitors. Error bars represent mean + s.d. (n=3).

mRNA Transfection

Gene therapy requires a high transfection efficiency to fulfill successful gene modulating effects. We
have shown that fusogenic 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 transfection reagent lipofectamine 3K only transfected a few cells. Onpattro LNP
and the control groups that lack one of the peptides achieved only minor GFP expression. Quantitative
analysis by flow cytometry confirmed the confocal imaging study (Fig. Sb). The fusogenic coiled-
coil mediated LNP delivery achieved almost quantitative GFP expression in all cells (99.9%), while
lipofectamine 3K 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 compared to Onpattro LNP and all other groups (Fig. 5c-5d).
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 prolonged 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 investigated in other cell lines. CHO and NIH/3T3
cells also showed a robust GFP expression using the fusogenic coiled-coil peptides (SI Fig. 5a-5d).
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 (SI Fig. 7a-7c¢).
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Finally, 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 highest when the fusogenic coiled-coil peptides were used (SI Fig. 6a-6d). Again,
transfection was significantly higher when compared to plain LNP or control groups missing one of
the peptides. Interestingly, lipofectamine 3K 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 transfection enhancement, which was >3-fold higher
compared to Onpattro LNP (SI Fig. 7d).

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.
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Figure 5. Transfection efficiency of the coiled-coil system with HeLa cells. (a) Confocal images of the EGFP-
mRNA transfection of LNPs. Lipo3K: lipofectamine 3K; GFP: green fluorescent protein; BF: bright field. Scale bar
is 20 pum. (b) The quantification of EGFP-mRNA transfection efficiency of LNPs. (c-d) The GFP expression
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fluorescence intensity (GFP MFI) of LNPs. HeLa cells were first incubated with CPK4 (10 uM, 200 pL, 2 h),
followed by incubation with EGFP-mRNA encapsulated LNPs (1 pg/mL, 2 h). Cells were then washed 3 times and
cultured for another 18-24 h before confocal and flow cytometry measurements. Unpaired student t-test was used
to determine the significance of the comparisons of data indicated in b, and ¢,(*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001). In all panels, error bars represent mean + s.d. (n=3).

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 (SI Fig. 8a).
Next, cell viability after transfection was determined using the cell proliferation reagent WST-1. No
significant 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 Lipofectamine 3K was shown to be more toxic (SI Fig. 8b).
Altogether, these results demonstrate that our coiled-coil gene delivery system achieves potent
transfection efficiency without altering the cytotoxicity profile of LNPs.

Discussion and conclusion

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 variants 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 silencing, 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 transfection of nucleic acids in vitro. The introduction of 1 mol% of
lipopeptide CPE4 to the Onpattro LNP formulation did not alter physicochemical 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 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
cationic and lipid nanoparticles; these typically require longer incubation times (up to 24-72 h) to
obtain significant transfection.**** Furthermore we confirmed that the coiled-coil system is functional
on various cell lines including CHO 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 lysosomal compartments. For siRNA, the endosomal escape was determined to be
around 1-2%, making delivery very inefficient and thus lowering the potential therapeutic effect.'
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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 introduction of cell-penetrating peptides,?*** endosome disrupting
peptides,>*> and photochemical internalization.’®>” However, these approaches typically lack cell
selectivity’® and cause membrane destruction®’ resulting in  cytotoxicity.**® Using fusogenic
coiled-coil peptides we managed to circumvent endosomal entrapment, resulting in direct cytosolic
delivery of nucleic acid. This direct delivery was proven by performing uptake studies in the presence
of common endocytosis inhibitors 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 concomitant protein expression. Our approach also
outperformed the commercial reagent lipofectamine 3K 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 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.
A potential application could be adoptive cell therapy.!**% Except for viral transduction, other
attempts of lymphocyte transfection often apply electroporation and nucleofection to deliver
exogenous genes into T cells,*®° but it requires specialized equipment, disrupts membrane, 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
integration into the genome, which could be accomplished by our nonviral fusogenic coiled-coil
delivery system.

In conclusion, fusogenic coiled-coil peptides can significantly 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 EGFP-mRNA this resulted in an up to a 63-fold increase in protein expression
as compared to unmodified LNP, opening new avenues for nucleic acids based therapies. Furthermore,
we showed efficient transfection in various cell lines with substantial improvement as compared to
the commercial transfection reagent lipofectamine 3K. 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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Methods

Chemicals.

All Fmoc-protected amino acids were purchased from Novabiochem. Piperidine, trifluoroacetic acid,
acetonitrile, dimethylformamide (DMF) were purchased from Biosolve; dichloromethane (DCM),
and ethanol were purchased from Sigma-Aldrich. 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2K), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(PE-NBD), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(PE-LR), were purchased from Avanti Polar Lipids, DLin-MC3-DMA was purchased from Biorbyt
(Cambridge, England), and dynasore, wortmannin, nocodazole, pitstop2, genistein, methyl-f-
cyclodextrin (MBCD), sodium azide (NaN3), cholesterol was purchased from Sigma-Aldrich. Lyso-
tracker deep red was purchased from Thermofisher. Triton™ X-100 was purchased from Acros
Organics. QuantiT™ RiboGreen® RNA reagent and rRNA standards were purchased from Life
Technologies. WST-1 reagent was purchased from Sigma-Aldrich. Nucleic acid: Alexa488-nucleic
acid (Alexa488-5’-AACCATACACCTACTACCTCA-3’) was purchased from Integrated DNA
technology; cleancap EGFP-mRNA was purchased from Trilink biotechnology.

Lipopeptide synthesis and purification.

Peptide E3 (EIAALEK);, K3 (KIAALKE)3, E4 (EIAALEK)4 and K4 (KIAALKE)4 were synthesized
using Fmoc chemistry and standard solid-phase peptide synthesis protocols on a 0.1 mmol scale as
described previously.?® Fmoc deprotection was performed using 20% piperidine in DMF at 90 °C for
60 s. Amide coupling was achieved using 5 eq. of protected amino acid, 5 eq. DIC as activator and 5
eq. Oxyma as activator base, heated at 95 °C for 240 seconds. Lipidated peptides (CPK3, CPE3,
CPK4, CPE4) were made on resin via the coupling of 2.5 equivalents of N3- PEG4-COOH, with 2.5
eq of HBTU and 5 eq. of DIPEA in DMF overnight at room temperature. After washing the resin with
DMEF, the azide was reduced using 10 eq. of PME3 (1 M in toluene), with 4:1 dioxane:water as solvent
for 2.5 hours. The resin was then washed thoroughly with 4:1 dioxane:water, MeOH and DMF.
Lipidation was achieved using 2 eq. cholesteryl hemisuccinate, 2 eq. HBTU and 4 eq. DIPEA in 1:1
DMEF:DCM. After the final coupling the resin was washed with DMF, MeOH, and DCM, dried under
vacuum, and the peptide was cleaved using a mixture of TFA:TIPS:EDDT:water (92.5:2.5:2.5:2.5)
for 1 hour, after which the peptide was precipitated in cold diethyl ether, collected via centrifugation
and lyophilized. All peptides were purified by HPLC on a Shimadzu system consisting of two KC-
20AR pumps and an SPD-20A or SPD-M20A detector equipped with a Kinetix Evo C18 column.
Eluents consisted of 0.1% TFA in water (A) and 0.1% TFA in MeCN (B), with all peptides eluted
using a gradient of 20-90% B over 35 minutes, with a flow rate of 12 mL/min. Collected fractions
were checked for purity via LC-MS, with the pure fractions being pooled and lyophilized. LC-MS
spectra were recorded using a Thermo Scientific TSQ quantum access MAX mass detector connected
to an Ultimate 3000 liquid chromatography system fitted with a 50x4.6 mm Phenomenex Gemini 3
um C18 column.

Lipid nanoparticles formulation.
Lipids and lipopeptides were combined at the desired molar ratios and concentrations from stock
solutions dissolved in chloroform:methanol (1:1). Solvents were evaporated under a nitrogen flow
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and residual solvent was removed in vacuo for at least 30 minutes. The lipid film was dissolved in
absolute ethanol and used for assembly (total [lipid] was 1 pmol). A solution of mMRNA was made by
diluting nucleic acid (Alexa488-nucleic acid or EGFP-mRNA) in 50 mM citrate buffer (pH = 4,
RNase free H>0). The solutions were loaded into two separate syringes and connected to a T-junction
microfluidic mixer. The solutions were mixed in a 3:1 flow ratio of nucleic acid:lipids (1.5 mL/min
for the nucleic acid solution, 0.5 mL/min for the lipids solution, N/P ratio was 16:1). After mixing,
the solution was directly loaded in a 20 k MWCO dialysis cassette (Slide-A-Lyzer™, Thermo
Scientific) and dialyzed against 1 x PBS overnight. After overnight dialysis, mRNA encapsulation
efficiency was determined by Quant-iT™ RiboGreen™ RNA Assay Kit as described below. For
confocal cellular uptake experiments, 1 mol% of PE-LR was added with the other lipids.

Biophysical characterization.
The size and zeta potential of LNPs were measured using a Malvern zetasizer Nano ZS. Long term
stability of LNPs was assessed by measuring the hydrodynamic radius using DLS for 10 days.

The morphology of LNPs was analyzed by cryogenic transmission electron microscopy (cryo-EM).
Vitrification of concentrated LNPs (lipids ~10 mM) was performed using a Leica EM GP operating
at 21 °C and 95 % room humidity (RH). Sample suspensions were placed on glow discharged 100
pum lacey carbon film supported on 200 mesh copper grids (Electron Microscopy Sciences). Optimal
results were achieved using a 60-second pre-blot and a 1-second blot time. After vitrification, sample
grids were maintained below -170 °C, and imaging was performed on a Tecnai T12 (Thermo Fisher)
with a biotwin lens and LaB6 filament operating at 120 keV equipped with an Eagle 4 Kx4 K CCD
camera (Thermo Fisher). Images were acquired at a nominal underfocus of -2 to -3 um (49,000x
magnification) with an electron dose of ~2000 e/nm2. The size distribution of LNPs was based on
100 particles (Fiji ImageJ) from cryo images normalized by percentage distribution.

Circular dichroism measurements: CD spectra were recorded on a JASCO J-815 CD spectrometer
fitted with a Peltier temperature controller. Unless otherwise specified, samples were measured at
20 °C in a quartz cuvette with a 2 mm path length. Spectra were recorded from 200 to 250 nm at 1
nm intervals, with a bandwidth of 1 nm, with the final spectrum consisting of the average of 5
sequentially recorded spectra. The mean residue molar ellipticity (0, deg cm? dmol™! ) was calculated
according to equation ([8] = (100 * [@]obs )/(c * n * [)), [@]obs representing the observed ellipticity
in mdeg, c the peptide concentration in mM, n the number of peptide bonds and 1 the path length of
the cuvette in cm.

mRNA encapsulation efficiency.

The encapsulation efficiency (EE%) of EGFP-mRNA was measured using a Quant-iT™
RiboGreen™ RNA Assay Kit (Invitrogen). For the determination of non-encapsulated EGFP-mRNA,
LNPs after dialysis were diluted with 1 x TE buffer (RNase free) and treated with the RiboGreen™
reagent. For the determination of the total amount of EGFP-mRNA, LNPs after dialysis were treated
with 1% Triton X-100 in TE buffer (RNase free) and incubated for 5 minutes followed by dilution
with TE buffer and treatment with the RiboGreen™ reagent. The supplied RNA standards were used
to generate a standard curve and changes in fluorescence was measured in 96-well plates using a
TECAN Infinite M1000 Pro microplate reader. The percentage of mRNA encapsulation (EE%) was
determined using the fraction of (Ftotal RNA — Ffree RNA)/Ftotal RNA * 100%.
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Cell culture, and cell uptake study.

Cell culture: HeLa, CHO, NIH/3T3, and Jurkat cell lines purchased from ATCC were cultured
according to ATCC guidelines. The DMEM and RPMI-1640 growth media (Sigma Aldrich)
containing sodium bicarbonate, without sodium pyruvate and HEPES, were supplemented with 10%
fetal bovine serum (Sigma), 1% L-glutamine (Thermo Fisher Scientific), and 1%
penicillin/streptomycin (Thermo Fisher Scientific). HeLa, CHO, and NIH/3T3 were cultured with
DMEM medium, and Jurkat was cultured with RPMI-1640 medium, at 37 °C in the presence of 5%
COz.

Cell uptake (flow cytometry measurements): Flow cytometry analysis (FACs) of cellular uptake
efficiency was performed to compare internalization efficiency differences. All lipids with a certain
ratio (molar ratio DOPC:DOPE:cholesterol=2:1:1, 1 mol% of NBD-PE) were dried under N flow,
hydrated with PBS and sonicated at 55°C for 3 min. The CPE and CPK modified liposomes (CPE3-
lipo, CPE4-lipo, CPK3-lipo, and CPK4-lipo) were made the same way while adding 1 mol% of CPE3,
CPE4, CPK3, and CPK4 into the lipid mixture. CPK3, CPK4, CPE3, CPE4 lipid films were made,
hydrated with complete DMEM, and sonicated for 10 min at room temperature. For cellular uptake
efficiency tests, HeLa cells were pretreated with CPK3, CPK4, CPE3, CPE4 in DMEM for 2 h, then
NBD labeled liposomes CPE3-lipo, CPE4-lipo, CPK3-lipo, and CPK4-lipo were added to the cells
(15 min). After 15 min incubation, the medium was removed and cells were washed with PBS,
digested with trypsin, washed, and resuspended in PBS, followed by flow cytometry measurements.
For the cellular internalization efficiency of CPE3-LNP and CPE4-LNP, both LNPs were prepared as
previously described by encapsulating Alexa488 nucleic acid, 1 mol% of CPE3 and CPE4
lipopeptides were added to the other lipids, and then proceeded to form LNPs, as described above,
was followed.

Cell uptake (confocal imaging): Cells were seeded in an 8-well confocal slide at a density of 5*10*
cells/well and incubated at 37 °C in 5% CO», and after 18 h, the medium was removed and medium
containing CPK4 (10 uM, 200 pL) and Hoechst 33342 (5 uM, 200 uL) was added and incubated for
2 hat 37 °C in 5% COz. Next, cells were washed with PBS (3X), and incubated with CPE4-LNP (200
uM, 200 pL) containing Alexa488 labeled nucleic acid for 15 min. The supernatant was removed and
cells were washed with PBS, and DMEM free of phenol red indicator was added for confocal
microscopy measurements using a Leica TCS SP8 confocal laser scanning microscope. For flow
cytometry measurements, cells were seeded in 24-well plates at a density of 2.5%10° cells/well, the
rest of the procedure was the same as for the confocal measurements.

Endocytosis inhibitor assay (confocal imaging): HeLa cells were pretreated with nocodazole (40 uM),
wortmannin (0.25 uM), dynasore (80 uM), pitstop2 (20 uM), genistein (200 pM), methyl-B-
cyclodextrin (MBCD, 10 mM) or sodium azide (0.1% w/v) in DMEM medium for 1 h, after which
the medium was replaced with medium containing lyso-tracker deep red (75 nM), CPK4 (10 uM),
and fresh inhibitors and incubated for 2 h, then Alexa488 nucleic acid encapsulated CPE4-LNP (200
uM) were incubated in the presence of the inhibitors. After 15 min, the cells were washed three times,
and phenol red indicator free DMEM was added for confocal microscopy imaging. When performing
cellular uptake assays at 4 °C, cells were first incubated with lyso-tracker deep red (75 nM) and CPK4
(10 uM) for 2 h at 37 °C, then 1 h at 4 °C. The medium was removed and cells were washed and
incubated for 15 min at 4 °C in the presence of CPE4-LNP (200 uM), followed by confocal imaging.
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Endocytosis inhibitor assay (flow cytometry measurements): Cells were seeded on 24-well plates at
a density of 2.5%10° cells/well. After 18 h, the medium was removed and cells were incubated with
inhibitors and CPK4 in medium (10 uM) for 2 h. Then Alexa488 nucleic acid encapsulated CPE4-
LNP (200 uM, 15 min) was added in the presence of fresh inhibitors. The cells were washed, digested,
and flow cytometry measurements using a Guava easyCyte machine (Luminex Corporation) were
performed.

For the endocytosis pathway assay of unmodified LNPs, the cells were preincubated with endocytosis
inhibitors for 2 h, then LNPs were added to the cells in the presence of fresh inhibitors and incubated
for 4 h, and washed before the confocal imaging and flow cytometry measurements.

Lysosome colocalization study.

HeLa cells were seeded on 8-well confocal plates at a density of 5*10%*ells/well. After overnight
growth the cells were treated with lyso-tracker deep red (75 nM) and CPK4 (10 uM) for 2 h. The
supernatant was removed, and Alexa488 nucleic acid encapsulated CPE4-LNP (200 uM) was added
and incubated for 15 min. The medium was removed, and lyso-tracker deep red (75 nM) in DMEM
was added and incubated at different times before confocal imaging.

Transfection assay.

CPE4-LNPs and LNPs encapsulating EGFP-mRNA were prepared as described previously. HeLa,
CHO, NIH/3T3, and Jurkat were cultured in 8-well confocal plates at the density of 2*10* cells/well
overnight before cells were pretreated with CPK4-medium (10 pM) for 2 h, washed three times with
PBS, then LNPs (1 pg/mL) were added to the cells and incubated for 2 h, then the medium was
removed and washed three times, refreshed with fresh medium for continuous 18-24 h culturing
before confocal imaging and flow cytometry measurements. The concentration of LNPs was
determined by Quant-iT Ribogreen RNA assay. The commercial transfection agent lipofectamine
3K/EGFP-mRNA was prepared according to the manufacturers protocol using the same amount of
EGFP-mRNA, and cells were transfected for 2 h and refreshed with medium before 18-24 h culturing.

Cell viability measurements.

HeLa cells were seeded on 96-well plates at a density of 1*10* cells per well overnight, then the same
procedure as previously described was followed but different concentrations of LNPs (0.25 pg/mL,
0.5 pg/mL, 1 pg/mL, 1.5 pg/mL, 2 pg/mL) were added. After 24 h incubation, cell proliferation
reagent WST-1 solution (20 pL, Sigma-Aldrich) was added to the medium (200 pL) and cells were
incubated for another 4 h at 37 °C. The absorbance at 450 nm was measured at room temperature
using a Tecan infinite M1000. The cell viability was normalized with a control (blank HeLa cells),
which was set at 100% cell survival.

Statistical analysis.

All experiments were performed in triplicate (n=3) unless specified otherwise, and the significance
was determined using an unpaired student t-test (Graphpad Prism) for all comparisons. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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SI Figure 1. Evaluation of coiled-coil peptide pair mediated uptake in liposomes and LNPs. (a) CD spectra of
K3/E3 and K4/E4 pairs. Peptides were dissolved at a total concentration of 10 uM in PBS at pH 7.4, and spectra
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were measured at 20°C. (b) Cellular uptake of liposomes in HeLa cells. Uptake efficiency was calculated by
quantifying the NBD-positive cells. (c-d) The fluorescence intensity (MFI) of cellular internalization of liposomes
with HeLa cells. Lipid compositions of liposomes: DOPC/DOPE/cholesterol=2:1:1, 1 mol% of the NBD-PE served
as the fluorescent dye, 1 mol% of the CPK (3 or 4) or CPE (3 or 4) were added for lipopeptide modified liposomes.
E+K: both E and K peptide included; E+: only E peptide included; K+: only K peptide included. (e-f) The
fluorescence intensity of cellular internalization of LNPs encapsulated nucleic acid by CPE3/4-LNP with HeLa cells
pretreated with CPK3/4. Alexa488 labeled nucleic acid was encapsulated and served as the fluorescent dye.
Unpaired t-test was used to determine the significance of the comparisons of data indicated in b, ¢, and d (*P < 0.05;
**P <0.01; ***P <0.001; ****P <0.0001). In all panels, error bars represent mean * s.d. (n=3).
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SI Figure 2 (a) Cryo-EM images of Alexa488-nucleic acid encapsulated CPE4-LNP and LNP. (b) Size distribution
of Alexa488-nucleic acid encapsulated LNPs as determined by cryo-EM. The values derived from the frequency

distribution graphs represent mean =+ s.d. (n=100). Scale bar is 50 nm. (¢) Size distribution of Alexa488-nucleic acid
encapsulated LNPs according to DLS.
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SI Figure 3. (a) Schematic representation of the LNPs uptake experiments with cells. (b) Confocal microscopic
images of LNPs uptake with CHO cells. (¢) with NIH/3T3 cells. (d) with Jurkat cells. Cells were preincubated with
a micellar CPK4 solution (10 uM, 200 pL, 2 h). After removal of the medium, the LNPs containing Alexa488-
nucleic acid were added (200 uM, 200 pL, 15 min), then cells were washed before imaging. Blue: Hoechst 33342;
green: Alexa488-nucleic acid; red: LR-PE; BF: bright field. Scale bar is 20 um.
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SI Figure 4. (a) Confocal microscopic images of cellular uptake of CPE4-LNP with CPK4-HeLa cells in the
presence of endocytosis inhibitors. HeLa cells were first treated with different endocytosis inhibitors (1 h), followed
by lyso-tracker deep red (75 nM, 200 pL) and CPK4 (10 pM, 200 pL, 2 h, in the presence of fresh inhibitors)
incubation, then CPE4-LNP (200 uM, 200 pL, 15 min) were added together with fresh inhibitors, then cells were
washed and added with phenol red free DMEM before imaging. Blue: Hoechst 33342; green: Alexa488-nucleic
acid; red: lyso-tracker deep red. (b) Confocal microscopic images of cellular internalization of LNP with HeLa cells
with endocytosis inhibitor dynasore. HeLa cells were pretreated with dynasore (80 uM, 200 pL, 1 h), then LNP (200
uM, 200 pL, 4 h) were incubated with the presence of fresh dynasore, and cells were washed before imaging. Blue:
Hoechst 33342; green: Alexa488-nucleic acid. Scale bar is 20 um.
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SI Figure 5 (a) Confocal microscopic images of the EGFP-mRNA transfection of LNPs with CHO cells. Scale bar
is 20 um. (b) The GFP expression fluorescence intensity (GFP MFI) of LNPs with CHO cells. (¢) Confocal
microscopic images of the EGFP-mRNA transfection of LNPs with NIH/3T3 cells. Scale bar is 20 um. (d) The GFP
expression fluorescence intensity (GFP MFI) of LNPs with NIH/3T3 cells. Cells were pretreated with CPK4
solution (10 uM, 200 pL, 2 h), after removal of the medium, EGFP-mRNA encapsulated LNPs were added (1 pg/mL,
200 pL, 2 h), and then cultured for another 18-24 h before imaging and flow cytometry measurements. Lipo3K:
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lipofectamine 3K; GFP: green fluorescent protein; BF: bright field. Unpaired student t-test was used to determine
the significance of the comparisons of data indicated in b, and d (¥*P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001). In all panels, error bars represent mean + s.d. (n=3).
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SI Figure 6. Transfection efficiency of the fusogenic coiled-coil peptide system with Jurkat cells. (a) Confocal
microscopic images of the EGFP-mRNA transfection of LNPs. Lipo3K: lipofectamine 3K; GFP: green fluorescent
protein; BF: bright field. Scale bar is 20 pm. (b) The quantification of EGFP-mRNA transfection efficiency of LNPs.
(c-d) The GFP expression fluorescence intensity (GFP MFI) of LNPs. Jurkat cells were first incubated with CPK4
(10 uM, 200 pL, 2 h), followed by EGFP-mRNA encapsulated LNPs were incubated (1 pg/mL, 200 puL, 2 h), after
that, cells were washed 3 times and cultured for another 18-24h before imaging and flow cytometry measurements.
Unpaired student t-test was used to determine the significance of the comparisons of data indicated in b, and ¢ (*P
< 0.05; **P < 0.01; ***P < 0.001; ****P < (0.0001). In all panels, error bars represent mean + s.d. (n=3).
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SI Figure 7. GFP fluorescence enhancement. The protein expression fold number of GFP fluorescence intensity
(GFP MFI) of groups normalized to plain LNP (a) with HeLa cells, (b) with CHO cells, (¢) with NIH/3T3 cells, (d)
with Jurkat cells. In all panels, error bars represent mean * s.d. (n=3).

61



d HelLa b

= Lipo3K

& 100~ fos fuce 120 =1 CPK4-HelLa+CPE4-LNP
w Fkk
E 80- = 100 o = M I:JM*HeLa+LNP
2 2 N B
e = §0-
5 60+ g
2 40- g
o 2 40
5 8
[ 20+ 20
iy
o 0 T T T T T 0 T T T T T

& & ¢ & ¢ & ¢

qua & N ) v Q,)f: R N R "

SI Figure 8 (a) Transfection efficiency of different concentrations of EGFP-mRNA encapsulated CPE4-LNP with
HeLa cells pretreated with CPK4. HeLa cells were first incubated with CPK4 (10 uM, 200 pL, 2 h), followed by
different concentrations of EGFP-mRNA encapsulated CPE4-LNP incubation (2 h), then the medium was removed,
cells were washed and cultured for another 18-24 h before flow cytometry measurements. (b) The cell viability
evaluation of EGFP-mRNA encapsulated LNPs after transfection. HeLa cells were first incubated with CPK4 (10
uM, 200 pL, 2 h), followed by different concentrations of EGFP-mRNA encapsulated LNPs incubation (2 h), then
the medium was removed, and cells were washed and cultured for another 24 h. After that, WST-1 solution (20 pL)
was added to the medium (200 pL) and incubated for 4 h before measuring. 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;

#FxFp < (0.0001). In all panels, error bars represent mean + s.d. (n=3).
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