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mRNA applications have undergone unprecedented applica-
tions—from vaccination to cell therapy. Natural killer (NK)
cells are recognized to have a significant potential in immuno-
therapy. NK-based cell therapy has drawn attention as allogenic
graft with aminimal graft-versus-host risk leading to easier off-
the-shelf production. NK cells can be engineered with either
viral vectors or electroporation, involving high costs, risks,
and toxicity, emphasizing the need for alternative way as
mRNA technology. We successfully developed, screened, and
optimized novel lipid-based platforms based on imidazole
lipids. Formulations are produced by microfluidic mixing
and exhibit a size of approximately 100 nm with a polydisper-
sity index of less than 0.2. They are able to transfect NK-92 cells,
KHYG-1 cells, and primary NK cells with high efficiency
without cytotoxicity, while Lipofectamine Messenger Max
and D-Lin-MC3 lipid nanoparticle-based formulations do
not. Moreover, the translation of non-modified mRNA was
higher and more stable in time compared with a modified
one. Remarkably, the delivery of therapeutically relevant inter-
leukin 2 mRNA resulted in extended viability together with
preserved activation markers and cytotoxic ability of both
NK cell lines and primary NK cells. Altogether, our platforms
feature all prerequisites needed for the successful deployment
of NK-based therapeutic strategies.

INTRODUCTION
Immunotherapy represents an unprecedented hope for the treatment
of cancer. This approachmainly targets CD8+ cytotoxic T lymphocytes
by optimizing their anti-tumor functions. Nevertheless, a lasting clin-
ical response is still only observed in a minority of patients. Activating
natural killer (NK) cells is another therapeutic modality that holds
promise due to their unique ability to recognize and eliminate target
cells.1 NK cells are gaining renewed prominence as a strong candidate
for the development of novel immunotherapeutic strategies.
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NK cells are a subset of immune cells that play a critical role in innate
immunity, especially in the host’s defense against viral infections and
cancers. They can kill various altered cells, including virus-infected
and cancer cells, without inducing toxicity to healthy cells.2 Unlike
CD8+ T cells, NK cells have the advantage of not relying on antigen
specificity. Indeed, they are characterized by the lack of clonally
distributed receptors on their surface such as the B cell receptor of
B cells and T cell receptor of T cells and their ability to lyse damaged
cells without prior immunization.3

NK cell activation is triggered by a combination of activating and
inhibitory receptors that recognize specific ligands on target cells. It
relies on a mechanism of sensing the absence of major histocompat-
ibility complex class I together with the activation of receptors and co-
receptors associated with diseased cells.4 The distinction between a
healthy cell and a diseased cell is made possible by a panel of surface
receptors capable of integrating danger signals. Activated NK cells
release cytotoxic granules containing perforin and granzymes, which
induce direct apoptosis of target cells.5 Moreover, they can also pro-
duce a variety of cytokines and chemokines, including interferon-
gamma (IFN-g) and tumor necrosis factor-alpha (TNF-a), which
can further enhance the immune response by the recruitment of other
immune cell types, such asmacrophages, dendritic cells, and T cells.6,7

NK cells have a low risk of inducing autoimmunity or cytokine release
syndrome. These features make them particularly attractive and ap-
proaches that trigger and/or reconstitute NK cell function and prolifer-
ation are of great interest. Finding a specific delivery system that strikes
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a balance between safety, efficiency, and ease of use of NK cells engine-
ering represents a powerful contender for future immunotherapies.8,9

To date, NK engineering is mostly performed with lentiviral vec-
tors10,11 and electroporation,12 which have well-known limitations
as biosecurity and cytotoxicity, respectively. Therefore, the use of
technology associated with a non-viral nanomedicine platform seems
to be an interesting alternative. The use of mRNA technology, which
does not require nuclear import, is attractive to express any proteins
of interest in NK cells. mRNA delivery in NK cells by lipid-based
nanoparticles remains an under-developed field.13 To our knowledge,
few studies related to mRNA delivery in NK cells have been pub-
lished. The first one is based on the use of cationic polymer termed
charge altering releasable transporters,14 while others were performed
with lipid nanoparticles (LNPs), for a proof-of-concept transfection
with a reporter mRNA.15,16

Interleukin 2 (IL-2), a 15.5-kDa cytokine, that plays a critical role in
the activation, cytolytic activity, and expansion of NK cells. Mainly
produced by T cells,17 IL-2 signals through an intermediate receptors
complex composed of IL-2Rb and IL-2Rg chains, which are ex-
pressed on the surface of NK cells.18 Binding of IL-2 to its receptor
leads to the activation of various intracellular signalling pathways,
including the Janus kinase-signal transducer and activator of the tran-
scription pathway, resulting in the proliferation and NK cell activa-
tion.19 IL-2 has been shown to enhance the cytotoxic activity of NK
cells against cancer cells and viral-infected cells by increasing the
expression of activating receptors and the release of cytotoxic gran-
ules and by enhancing the production of other cytokines.20,21

IL-2 administration was the first immunotherapy to be approved 30
years ago.22 Therapies based on in vivo infusion of IL-2 at high doses
showed significant toxicities caused mainly by the activation of
immunosuppressive regulatory T cells (Tregs). However, in adoptive
cell transfer therapies, low doses of IL-2 in combination with Treg-
depleting reagent are nowadays used in pre-clinical settings to
decrease toxicity and maintain the efficacity of transferred cytotoxic
cells.23 Finding safer and more effective ways to use IL-2 for NK
cell therapy has become a priority. For this purpose, different strate-
gies have been developed, including the delivery of plasmid DNA en-
coding for IL-2 gene or the engineering of IL-2 protein itself.22,24

More recently, engineering a membrane-bound IL-2 on the surface
of NK cells was proposed as an alternative to IL-2 infusion.25

The present study showcases the development of novel, stable, scal-
able, and homogeneous microfluidic lipid-based formulations:
namely, liposomes and LNPs. These formulations have proven to
be efficient in delivering mRNA into both NK cell lines and primary
NK cells, demonstrating their potential as promising tools for future
gene therapy and immunotherapy treatments. We produced (1) lip-
oplexes (Lx), called imidazole cationic delivery-Lx (iCD-Lx), with li-
posomes made of a cationic lipid (CL) bearing imidazolium and an
ionizable lipid (IL) bearing imidazole moiety and (2) LNP, called
imidazole delivery-LNP (iD-LNP) made of the same ionizable imid-
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azole lipid with a mixture of helper lipids. Those formulations were
efficient to transfect both NK-92 and KHYG-1, two well-character-
ized human NK cell lines, and human primary NK cells. The delivery
of IL-2 mRNA by these formulations sustained the NK cell prolifer-
ation, as did IL-2 recombinant protein. Kinetics of mRNA expression,
the impact of mRNAmodifications on transfection efficiency, and the
cytotoxic activity of NK cells transfected with IL-2 mRNAwere inves-
tigated. Overall, our data indicate the great potential of these formu-
lations for mRNA transfection in NK cell lines and primary NK cells.

RESULTS
Two delivery systems based on imidazole-functionalized lipids were
produced with the microfluidic system (Figure 1A). iCD-Lx was
made of an ionizable lipid with an imidazole function combined
with CL-bearing imidazolium and different helper lipids. iD-LNP
was made of the same ionizable imidazole lipid and a mixture of help-
er lipids (Figure 1B).

Optimization of iCD-Lx

Different formulations were first produced by varying the percentage
of ionizable lipid and Cationic lipid (CL), as well as cholesterol and
polyethylene glycol (PEG) lipid analogues. The physicochemical pa-
rameters of the produced formulations show that they had an average
size ranging from 60 to 130 nm and a low value of polydispersity in-
dex (PDI) %0.2 (Table S1). As expected, the global cationic charge
varies with the amount of CL with a maximum of approximately
55 mV for the Lx made with 50% CL.

The first set of transfections was done in NK-92 cells using unmodi-
fied nucleoside (UNR) mRNA bearing an ARCA cap and encoding
eGFP. Figure 2A shows that the transfection efficiency varied from
approximately 20% eGFP+ cells with 10% molar ratio of CL, up to
approximately 75% eGFP+ cells with 20% of CL and a 2-fold mean
of fluorescence intensity (MFI) value ranging from 400 to 800.
Increasing the amount of CL above 20% molar ratio resulted in a
decrease in both the percentage of transfected cells and the translation
efficiency (MFI) without any drastic enhancement of cell toxicity. In
fact, the highest toxicity was approximately 20% obtained with the
formulation made with 10% CL.

When the transfection was performed with formulations made with
20% CL and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DMPE-PEG) (iCD-Lx-DMPE-
PEG) instead of 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene
glycol-2000 (DMG-PEG) (iCD-Lx-DMG-PEG), the percentage of
transfected cells decreased by approximately 50% without impacting
drastically the MFI although the toxicity increased from 5% to 10%
(Figure 2B). Exchanging cholesterol (iCD-Lx) to b-sitosterol (iCD-Lx-
b-sitosterol [Sito]) in the formulations did not affect the transfection
potency, but having Sito in combination with DMG-PEG (iCD-Lx-
DMG-PEG/Sito) tends to accentuate the decrease of transfection
efficiency in terms of eGFP+ cells (Figure 2B). Overall, Lx formed with
liposomes comprising 20% CL, 40% ionizable lipid, cholesterol, and
DMPE-PEG gave the best results in terms of percentage of transfected



Figure 1. Development of lipid-based systems for mRNA delivery in NK cells

(A) Microfluidic formulation process of LNPs and liposomes, with handmade addition of mRNA to liposome leading to lipoplexes. (B) Schematic representation of lipoplex and

LNP composition.

www.moleculartherapy.org
cells (approximately 75%) and mRNA translation (MFI of 800). The
impact of the nitrogen/phosphate (N/P) ratio on mRNA complexation
and on transfection efficiency was assessed. An N/P ratio of 1 was
enough to fully condensemRNA(Figure S1A).At this ratio, the percent-
age of transfected cells wasmaximum (Figure 2C). Note that an N/P ra-
tio of 3 results in a decrease in transfection efficiency (approximately
30%) associated with an increase in toxicity (approximately 20%).

Liposomes (iCD-Lip) and Lx (iCD-Lx) were stable over 8 weeks of
storage at 4�C in PBS as assessed by size and PDI measurements
(Figures 2D and 2E), with no significant differences in terms of trans-
fection efficiency for iCD-Lx stored at 4�C compared with freshly pre-
pared (Figure S1D). Moreover, when kept at 37�C iCD-Lx were rela-
tively stable in terms of size up to 10 h, either in the absence or in the
presence of serum (Figure S1B). The impact of cell density and
mRNA dose was checked. The optimal condition for NK-92 and
KHYG-1 cells transfection was 0.5 mg mRNA with a cell density of
4 � 105 cells/mL (Figure S1C).
Optimization of iD-LNP

As for Lx, we produced different LNP made with either the imidazole
ionizable lipid or Dlin-MC3-DMA for benchmark, combined
with different mixtures of helper lipids at an N/P of 10 or 20
(Table S2). All LNPs had a size that ranged between 80 and
100 nm with a high homogeneity (PDI <0.2), and a mRNA encapsu-
lation efficiency of approximately 90%. Transfection data obtained
with eGFP MNR (5-MoU) cap1 showed that, in contrast with our
ionizable lipid-LNP, MC3-LNPs were not effective to transfect
NK-92 cells after overnight incubation in a serum-free medium (Fig-
ure 3A). The best LNP was iD-LNP 19 made with 50% of our ioniz-
able lipid, 39% Sito, 10% Dioleoylphosphatidylethanolamine
(DOPE), and 1% DMG-PEG and N/P 20. This formulation, further
named iD-LNP, was able to transfect approximately 60% of NK-92
cells with the highest MFI. The size of this LNP is stable over 8 weeks
at 4�C, with only a slight PDI increase from 0.1 to 0.2 (Figure 3B).
When incubated at 37�C in the absence or presence of serum, no sig-
nificant change in size and PDI occurred up to 10 h (Figure 3C).
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 3
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Figure 2. Lipoplexes transfection efficiency

NK-92 cells were incubated at 37�C overnight with the indicated formulation containing eGFPmRNA. After 24 h, the transfection efficiency was measured by flow cytometry.

Full bars, % of transfected cells; hatched bars, MFI; grey bars, % of dead cells. (A) Impact on transfection of the CL at different molar percentages (10%, 20%, 30%, 40%, and

50% for CL10, CL20, CL30, CL40, and CL50, respectively). (B) impact on transfection of cholesterol type and DMPE-PEG in liposomes containing 20% CL. iCD-Lx,

cholesterol and DMPE-PEG; iCD-Lx (DMG-PEG), cholesterol and DMG-PEG; iCD-Lx (Sito), b-sitosterol and DMPE-PEG; iCD-Lx (DMG-PEG/Sito), b-sitosterol and DMG-

PEG. (C) Impact on transfection of lipoplexes made with 20%CL at various N/P ratios [1/1, 2/1, and 3/1]. (D) Stability of liposomes (iCD-Lip) and (E) Lx (iCD-Lx) stored at 4�C.
Data are presented as mean ± SD, *p < 0.03, **p < 0.002, ***p < 0.001; ns, not significant, in comparison with iCD-Lx.

Molecular Therapy: Nucleic Acids
Morphology and concentration of iCD-Lip and iD-LNP

formulations

The morphology of the best liposome and LNP were assessed by
cryoelectron microscopy (cryo-EM). Images of iCD-Lip revealed
multilamellar structures as expected for a liposome known to be
constituted of a lipid bilayer surrounding an aqueous core. Bleb struc-
tures comprising a pocket connected to a denser inner core were
observed for iD-LNP (Figure S2A). This structure was distinct from
solid core nanoparticles often described for LNPs.26 VideoDrop
technology based on interferometric light imaging was also used to
measure the particles concentration in Lx and in LNP preparations
(Figure S2B). Those formulations were prepared at different final
lipids concentrations (LNPs: 5 mg/mL; iCD-Lip: 13.41 mg/mL). Mea-
surement of their concentration after mixing revealed a similar order
of magnitude for both, with approximately 1012 particles/mL. Howev-
er, LNPs are made at an N/P of 20 and Lx are prepared at an N/P of 1.
Since the transfection was performed with 0.5 mg mRNA, the result-
ing calculation of particle numbers in the medium of transfection is
different: 1.93 � 1010 for LNP vs. 1.7 � 109 for iCD-Lx.

Intracellular distribution and cell uptake studies

Intracellular distribution and uptake studies were performed to gain
more knowledge on how our formulations were able to transfect
NK-92 cells. For this purpose, mRNA was labeled with fluorescein
(fluorescence isothiocyanate [FITC]-mRNA), while liposomes and
4 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
LNP were labelled by incorporating 0.25% molar ratio of lipid
lissamine-rhodamine-B PE. Note that the use of those labelled mol-
ecules did not induce significant modifications of the physico-chem-
ical features of both liposomes and LNPs (data not shown). As a
control, cells were also incubated with LFM Lx made with FITC-
mRNA. Confocal microscopy images of cells incubated for 30 min
and 4 h at 37�C with either iCD-Lx or iD-LNP are presented in
Figures S3A-a and S3A-b. Both iCD-Lx and iD-LNP were found in-
side and on the plasma membrane mostly as yellow punctate spots
resulting from the merge of red (lipid) and green (mRNA) fluores-
cence. The number of spots appeared higher with iCD-Lx than with
iD-LNP. Concerning iCD-Lx, images obtained after 30 min and 4 h
were quite different (Figure S3A-a). After 30 min, iCD-Lx were scat-
tered as yellow spots inside the cell suggesting the colocalization of
mRNA and liposome. Upon 4 h incubation, iCD-Lx were mostly
localized close to or in the plasma membrane. While no significant
differences were observed for iD-LNP after 30 min and 4 h (Fig-
ure S3A-b). Strikingly, no labelled spots were observed with LFM
Lx after 4 h incubation, which presumably accounts for its ineffi-
ciency to transfect those cells (Figure S3A-c).

Knowing that the state of nucleosides modification has an impact on
the intracellular fate of mRNA, we conducted uptake experiments
with Lx and LNP made with UNR or MNR (5-MoU) mRNA labelled
with FITC. A high amount of iCD-Lx was observed on the surface of



Figure 3. Screening of LNPs for NK-92 cell transfection

(A) Transfection efficiency of various LNPs made with 0.5 mg of MNR (5-MoU) eGFPmRNA on NK-92 cells upon overnight incubation. (B) Size and PDI stability over weeks of

storage of iD-LNPs in PBS at 4�C (n = 3 measurements). (C) Stability at 37�C of iD-LNPs in PBS or PBS with 10% serum. Data are presented as mean ± SD.
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the cells both after 2 h and 4 h of incubation. No notable difference
was found between those made with non-modified and those with
modified mRNA. The surface associated-fluorescence intensity of
cells incubated with iD-LNP was at least 8- to 6-fold less compared
with that of iCD-Lx at 2 h or 4 h of incubation, respectively
(Figures S3B-a and S3B-b). This was in line with the higher zeta
potential of Lx compared with LNP favoring their binding to the
cell surface via electrostatic interactions. The intracellular amount
of iCD-Lx measured after 2 h was low and it almost doubled after
4 h. By contrast, the associated intracellular fluorescence of cells
incubated with iD-LNP was equal to that bound on the cell surface
(Figures S3B-c–S3B-d). As for iCD-Lx, no significant difference was
observed between LNPs made with non-modified versus modified
mRNA. To assess the presence of mRNA in acidic compartments
(endosomes and lysosomes), cells were treated with monensin to
neutralize the intracellular environment. It is known that FITC-
labelled molecules will have a quenched fluorescence intensity in
acidic compartments that can be released by monensin treatment.
The more acidic the environment in which mRNA complexes are
found is, the higher the increase in fluorescence intensity will be.
No increase of the fluorescence intensity was observed (value close
to 1) for iCD-Lx both after 2 h and 4 h of incubation, suggesting
the presence of FITC-mRNA in a neutral environment as the cytosol
(Figure S3). A monensin-increased value of 1.5 for iD-LNP was
observed after 4 h, suggesting that some of these particles migrated
to late endosomes and/or lysosomes. Those results were in line with
their localization close to the plasma membrane for iCD-Lx and
inside the cells around the nucleus for LNP observed by confocal
microscopy.
Impact of mRNA modifications on the transfection efficiency

To examine further how NK-92 and KHYG-1 cells respond to mRNA
modifications, transfectionswere performedwith four different types of
eGFP mRNA: ARCA UNR (non-modified, bearing anti-reverse cap
analog), UNR cap1 (non-modified, bearing cap-1), MNR 5-MoU
(modified with 50 moU nucleoside bearing cap-1), and MNR PsiU
cap1 (modified with N1-methyl pseudo-uridine, cap-1) (Figure 4).
For iCD-Lx, the type of cap used had a drastic impact on the translation
efficiency which corresponds to the MFI. The translation efficiency
obtained with ARCA UNR was lower compared with cap1 UNR but
the percentage of transfected cells was similar in both conditions
(Figures 4A and 4B). For iD-LNP, both parameters were affected,
ARCA UNR led to the lowest percentage of transfected cells and MFI
in both NK-92 and KHYG-1 cells with regard to other cap1 mRNAs
(Figures 4C and4D). Surprisingly, the incorporation ofmodified nucle-
osides (5-MoU and PsiU) both in iCD-Lx and iD-LNP had a negative
impact on the translation efficiency as shownby the lower values ofMFI
while the percentage of transfected cells remained the same. iCD-Lx
made with cap1 UNR transfected 80% of NK-92 cells with an MFI of
4,000 and 90%of KHYG-1 cells with anMFI of 3,000. It is worth noting
that the translation efficiency of iCD-Lx was higher than that obtained
with iD-LNP, independent of mRNA type. Fluorescence microscopy
observations of transfected cells showed no significant difference in
the morphology of NK-92 cells transfected with either iD-Lx or iD-
LNP made with different types of mRNA (Figure 4E).

Next, we determined the kinetic of mRNA expression in NK-92 cells
upon transfection with either iCD-Lx or iD-LNP (Figure 5). With
both formulations, the transfection efficiency (% transfected cells)
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 5
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Figure 5. Kinetics of mRNA expression

NK-92 cells were transfected overnight with UNR, MNR

(5-MoU) or MNR (PsiU) cap-1 eGFP-mRNA formulated as

(A and B) iCD-Lx or (C and D) iD-LNP. (A and C)

Percentage of transfected cells and (B and D) MFI

measured by flow cytometry every day for 1 week.

Values are means ± SD of three independent

measurements.
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plateaued for 3–4days, but the eGFPexpression continuously decreased
during the following days. Moreover, no differences were observed
regarding the use of modified or non-modified nucleotides; UNR
mRNA being the highest compared with 5-MoU and PsiU mRNA in
terms of eGFP+ cells. Of interest, eGFP translation was already efficient
after 6 h transfection with iCD-Lx and iD-LNP (Figure S4).

Imidazole lipids-based formulations performance compared

with commercial and gold standard mRNA delivery systems

The efficacy of iCD-Lx and iD-LNP for eGFP mRNA transfection of
NK-92 cells andKHYG-1 cells wasfirst comparedwith that of commer-
cially available reagents, such as ScreenFect,mRNA-Fect, and Lipofect-
amine Messenger Max (LFM) (Figures 6A and 6B). None of the com-
mercial reagents tested was significantly efficient to transfect NK-92
cells. ScreenFect and LFM were able to transfect only around 10% of
KHYG-1 cells. In contrast, iD-LNP and iCD-Lx allowed approximately
70% and approximately 90% of transfection of both cell lines, respec-
tively. In terms of MFI, which reflects the translation activity, iCD-Lx
outperformed iD-LNP, especially on KHYG-1 cells. Compared with
Lx, mRNA with LNP was less translated. It was at least 2-fold (4,000
vs. 2,000) to 5-fold less MFI value (2,000 vs. 500) in NK-92 and
KHYG-1 cells, respectively. Interestingly, the toxicity was very low
(approximately 10%). Then, we compared the impact of the imidazole
Figure 4. Impact of mRNA modifications on the transfection efficiency

Cells were transfected overnight with ARCAUNR, cap1 UNR, MNR (5-MoU) or MNR (PsiU) mRNA encoding eGFP

cells transfected with iCD-Lx. (C) NK-92 cells and (D) KHYG-1 cells were transfected with iD-LNPs. After 24 h, th

Full bars, percentage of eGFP+ cells; hatched bars, MFI. (E) Fluorescence microscopy observations of NK-92 ce

mRNA types. Data are presented as mean ± SD, *p < 0.03, **p < 0.002, ***p < 0.001; ns, not significant, in com
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ionizable lipid with SM-102, ALC-0315, and
Dlin-MC3, gold standard ionizable lipids for
LNP formulations. For the sake of comparison,
the different LNP formulations were made with
exactly the same helper lipids composition
(Figure 6C), which could be different from their
clinically available composition.27 All LNPs ex-
hibited properties (size, PDI, and encapsulation
efficiency) very close to our iD-LNP. The latter
gave the best transfection efficiency in terms of
the percentage of transfected cells and mRNA
translation (IL > ALC0315 > SM102 > MC3) on
NK-92 cells (Figure 6D). We have also compared
the efficiency of our formulations with LNPs
made with SM102 ionizable lipid, cholesterol, DSPC, and DMG
PEG2K at a 50:38.5:10:1.5 ratio that has been reported to be efficient
for NK cells by Douka et al.16 As shown in Figure S5, iCD-Lx is at least
as potent as SM102-based LNPs to transfect KHYG-1 cells. While iD-
LNP has a comparable efficiency in terms of the percentage of trans-
fected cells, its translation efficiency is lower, as shown by MF1 values
(Figure S5B). Our data revealed as well that our formulations have a
faster kinetic of transfection. As soon as 5 h after transfection, 25%
and 50% of cells were transfected with iCD-Lx and iD-LNP, respec-
tively, while it required 10 h for LNP SM102 to reach this value. How-
ever, the efficiency of LNP SM102 and iD-lNP became similar at 20 h
after transfection. Overall, these results showcase that our lipid-based
platforms (both iCD-Lx and iD-LNP) are promising tools for NK cell
mRNA engineering, even when compared with a benchmark LNP
made of SM102. We obtained a relatively good transfection efficiency
of Jurkat cells used as a gold standard of T cell lines (Figure 6E). Those
data suggest that our ionizable lipid could be a versatile ionizable lipid
with broad applications.

IL-2 mRNA transfection supports survival and proliferation of

NK-92 cells, as does the recombinant IL-2 protein

NK-92 cells require IL-2 supplementation for their survival and pro-
liferation. We investigated whether IL-2 mRNA transfection could
formulated as Lx or LNPs. (A) NK-92 cells and (B) KHYG-1

e transfection efficiency was measured by flow cytometry.

lls transfected with iCD-Lx or iD-LNP made with indicated

parison with cap-1 UNR.

rapy: Nucleic Acids Vol. 35 September 2024 7
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Figure 6. Transfection efficiency of iCD-Lx or iD-LNP compared with commercial mRNA transfecting reagents

NK-92 cells (A) and KHYG-1 cells (B) were transfected with Screenfect, mRNAfect, LFM, iCD-Lx, or iD-LNP containing 0.5 mg cap1 UNR eGFPmRNA. Comparison between

IL and other ionizable lipids. (C) Table showing the size, PDI, encapsulation efficiency, and concentration of LNPsmade with exactly the same lipid composition except for the

ionizable lipid (Imidazole-based), SM102, ALC-0315 and D-lin-MC3). (D) NK-92 cells were transfected overnight with indicated LNP encapsulating cap1 UNR eGFP. (E)

Jurkat cells were transfected with either iCD-Lx or iD-LNP made of different ionizable lipids. Full blue bars, transfected cells (%); hatched blue bars, MFI; hatched black bars,

cell mortality (%). Data are presented as mean ± SD, *p < 0.03, **p < 0.002, ***p < 0.001; ns, not significant, in comparison with iD-LNPs.
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replace supplementation with recombinant protein. Cells were first
washed and deprived of IL-2 recombinant protein before transfection
with either iCD-Lx or iD-LNP containing cap1 UNR IL-2 mRNA. In
8 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
the absence of IL-2, approximately 100% of cells died after 3 days in
culture (Figures 7A–7C). When recombinant IL-2 protein was added
in the medium, the cells survived up to 6 days. The same viability was



Figure 7. Impact of IL-2 mRNA transfection on cell viability and cytotoxicity activity

NK-92 cells were either incubated with or without IL-2 protein or transfected with cap1 UNR IL-2 mRNA formulated as iCD-Lx (A) or iD-LNP (B). (C) Cells were incubated with

iCD-Lx containing 0.25 mg cap1 UNR eGFP and 0.25 mg IL-2 mRNA. The viability of the cells was measured every day by flow cytometry and expressed as a percentage

relative to the total cells. Statistical analysis was done by comparison to IL-2 protein values. (D and E) NK-92 and K562 cells were co-cultured at diverse effector/target ratios

for 4 h. The cytotoxicity was evaluated by measuring the expression of caspase 3/7 in K562 cells after NK-92 cells transfection with iD-LNP (D) and iCD-Lx (E). All data are

represented by means ± SEM; n = 3 for each experiment. Paired Student t tests were used for statistical analysis.
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observed with cells transfected with IL-2 mRNA LNP (Figure 7B).
Interestingly, IL-2 mRNA transfection with iCD-Lx tended to extend
the cell viability up to 8 days (Figure 7A). The production of IL-2 pro-
tein by transfected cells was validated by western blots performed
with both the cell lysate and the cell medium (Figure S6A). Starvation
of IL-2 protein triggered a decrease in cell size and granularity that
was not observed in the presence of IL-2 added as IL-2 recombinant
protein or produced by IL-2 mRNA transfection (Figure S6B). The
proliferation of transfected cells was demonstrated from the cell cycle
analysis. Cells were arrested in G0/G1 phase when cultured in IL-2-
free medium, while they were in S and G2/M phase upon IL-2
mRNA transfection, as well as when cultured in a medium containing
IL-2 protein (Figure S6C). Next, we were wondering if we could make
a co-delivery of IL-2 mRNA with another mRNA such as eGFP
mRNA (chosen for its easy readout). NK-92 cells were transfected
with iCD-Lx complexed with an equal amount (0.25 mg each) of
UNR eGFP mRNA and IL-2 mRNA (Figure 7C). The co-delivery
also allowed the expression of eGFP protein up to 6 days (Figure S7).
When cells were transfected with 0.25 mg IL-2 mRNA, the cells were
viable up to 6 days compared with 8 days obtained with 0.5 mg IL-2
mRNA (Figures 7B vs. 7C).

IL-2 mRNA transfection preserves NK-92 cells functionality

Next, we examined NK-92 cell functionality after IL-2 mRNA trans-
fection. We checked NK-92 cell functional activity in co-culture
with K562 cancer cells known to be sensitive to NK cell killing. The
addition of either IL-2 protein, IL-2 mRNA iD-LNP or IL-2 mRNA
iCD-Lx allowed an increased response in the expression of caspase
3/7 (a cytotoxicity marker) of supplemented NK-92 cells compared
with starved cells (Figures 7E and 7F).We then checked the phenotype
of NK-92 cells after iD-LNP transfection. As expected, IL-2 starvation
led to a decrease in CD69 expression that was not observed with IL-2-
supplemented or IL-2mRNA-transfectedNK-92 cells. The expression
of NK activation receptors such as NKG2D or NKP30 is essential for
NK cell activation and cytotoxicity. Interestingly, the expression of
NKG2D and NKP30 was maintained when IL-2 was available
compared with starved cells (Figures S8A and S8B). Moreover, during
the incubation with K562 cells, the production of TNF-a was main-
tained in IL-2 transfected cells at a level similar to that obtained
with IL-2 recombinant protein, while IL-2 starvation led to a signifi-
cant decrease (Figure S8C). Altogether, our results show that the sup-
plementation of IL-2 by mRNA transfection is comparable to the use
of recombinant protein, validating the potency of our formulation.

Assessing transfection potency on primary NK cells

Finally, we wanted to study those new formulations in primary NK
cells. NK cells from different donors were isolated and expanded.
As observed for NK-92 cells, the transfection with iCD-Lx of eGFP
mRNA allowed the transfection of more than 80% of primary NK
cells, while iD-LNP allowed a lower efficacy at around approximately
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Figure 8. Transfection efficiency of primary human NK cells with iCD-Lx IL-2 mRNA

Primary human NK cells were obtained from at least three different donors. (A) The cells were transfected with iCD-Lx and iD-LNP containing eGFP mRNA. After 24 h the

number of eGFP+ cells was determined by flow cytometry. (B) Viability of primary NK cells 48 h after eGFP mRNA transfection with iCD-Lx and iD-LNP measured by flow

cytometry using live/dead dye and expressed as a percent relative to the total cells. (C–E) CD69, NKP30 and NKG2D expressions measured by flow cytometry after 48h of

transfection with IL-2 mRNA iCD-Lx, IL-2 protein addition or starvation. (F) Evaluation of primary NK cells proliferation 48 h after transfection with IL-2 mRNA iCD-Lx, IL-2

protein addition or starvation. (G and H) primary NK cells and K562 cells were co-cultured for 4 h at various Effector/Target cell ratios. (G) The production of TNF-a in primary

NK cells measured by flow cytometry. (H) Cytotoxicity measured by the expression of caspase 3/7 in K562 cells by flow cytometry. All data are represented by means ± SEM;

n = 3 for each experiment. Each condition represents a donor. Paired Student t tests were used for statistical analysis.
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50% (Figure 8A) and did not affect cell viability (Figure 8B). We then
compared the phenotype and functions of primary NK cells when
starved or supplemented with either IL-2 protein or after IL-2 trans-
fection by iCD-Lx. As observed previously for NK-92 cells (Figure S8),
IL-2-deprived primary NK cells express less CD69 activation marker,
NKG2D, and NKP30 compared with conditions with IL-2 protein
supplementation or tIL2 mRNA transfection (Figures 8C–8E).
Indeed, the proliferation of primary NK cells was comparable with
either IL-2 protein supplementation or IL-2 mRNA transfection
and it is higher compared with that of starved cells (Figure 8F).
Last, we checked the primary NK cell killing activity in co-culture
with K562 cancers cells. The addition of IL-2 either as a protein or
mRNA transfected allowed a slight increase in the expression of
TNF-a for each donor (Figure 8G), but it triggered a greater cytotox-
icity response compared with starved cells by looking at caspase 3/7
activity from K562 cells (Figure 8H). Nevertheless, it is important
to emphasize the remarkable efficacy of iCD-Lx to transfect the noto-
riously difficult primary NK cells.

DISCUSSION
Today, viral vectors and electroporation are considered as state-
of-the-art methodologies for NK cell engineering. Despite their effi-
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ciency, they have well-known limitations due to the use of viral com-
ponents and the high cost of production for viral vectors, as well as the
high toxicity for the electroporation. Therefore, there is a crucial need
for the development of new transfection modalities. Recent advances
in non-viral nanomedicine platforms for nucleic acids delivery have
prompted the use of mRNA technology to address this technical
shortcoming. Herein, we described the development of Lx (iCD-Lx)
and LNP (iD-LNP) that are highly efficient for mRNA delivery in
NK cells. Both formulations share the same ionizable lipid bearing
an imidazole head group. Lx contain an additional CL with an imida-
zolium head group. While imidazolium exhibits a positive charge at a
neutral pH, allowing an interaction with a negatively charged nucleic
acid, the imidazole head group with a pKa in the range of 5.5–6.2,28 is
protonated at a pH of <7 (typically encountered in endosomes during
nanoparticle trafficking), inducing fusion and/or permeation of nega-
tively charged endosomal membrane.29 The imidazole group can be
found in histidine, nucleic acids, and some natural compounds, and
it has been demonstrated to have favorable features in many thera-
peutic strategies.30 The heterocyclic structure of imidazole can be
interesting for LNP-mRNA delivery, as it was found to activate the
STING pathway for adjuvant properties31 or to simply enhance the
condensation of mRNA through p interactions.32 Using the same
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parameters of the microfluidic system, we produced LNP and lipo-
somes with an average size around 100 nm and a PDI of <0.2, which
falls within the range of most other nanoparticles.33 Moreover, our
iCD-Lx and iD-LNP showed a good stability in terms of size and
PDI within at least 8 weeks when stored at 4�C in PBS. The most
efficient Lx was made with liposomes comprising 20% CL and 40%
ionizable lipid in combination with 38.5% cholesterol and 1.5%
DMPE-PEG. When liposomes were made with higher amount of
CL, iCD-Lx had a lower transfection efficiency, which is not due to
high toxicity, as usually reported.34 The reduced transfection effi-
ciency could result from a stronger interaction between mRNA and
liposomes that likely impacts the structure and/or the availability of
mRNA for translation, as we described previously.35

Data from optimization experiments highlight how important the
composition of helper lipids is in the shaping of a formulation’s effi-
ciency. The transfection efficiency of iD-LNP containing cholesterol
(Chol)/DSPC/DMPE-PEG was improved by changing cholesterol
for Sito, while the same change in liposomes for iCD-Lx did not
improve it. It is widely known that cholesterol in lipidic formulations
has the capacity to impact the membrane’s fluidity. This improved
transfection efficiency of LNPs brought by Sito agrees with the study
reported by Patel et al.,36,37 showing that this replacement has led to a
4,000-fold higher transfection efficiency of their LNP. This positive
impact was explained by the induction of some edge imperfections
in the organization of lipids within LNP, which could improve intra-
cellular uptake and endosome destabilization during endosomal
escape. Similarly, the presence of DMG-PEG rather than DMPE-
PEG impacted negatively iCD-Lx transfection, while it improved
that of LNP. The main difference between the two PEG lipids is in
their head, being glycerol for DMG-PEG and ethanolamine for
DMPE-PEG. Those results are also in line with previous reports sug-
gesting that the tailored structure of DMG-PEG can improve its
dissociation from LNP enhancing the transfection efficiency.38,39

An important parameter to consider is the charge ratio (N/P) between
the ionizable or CL and mRNA. While most of the N/P ratio for LNP
focuses between 6 and 10 in the literature, our LNP is used at an N/P
ratio of 20, which did not induce high toxicity and exhibit a greater
transfection potency than other counterparts with N/P 10. Of note,
LNPs with low N/P ratio are often related to vaccination purpose
that remains to be studied in the case of ex vivo cell engineering.

Considering Lx, increasing the N/P ratio from 1 to 3 led to a decrease
in transfection efficiency (Figure 2). As stated, too much condensa-
tion of mRNA by cationic liposomes (as shown by loss of signal on
gel shift assay) can cause a denaturation of the mRNA structure,
which leads to a lower translation efficiency.35 Interestingly, while
LNPs are often described as solid core nanoparticles,40 ours exhibit
structures referred as blebs that have been reported by others, and
for which the formation is not yet well understood. It is worth
mentioning that such bleb structures have also been observed in
LNPs containing another type of imidazole lipid and produced with
a buffer concentration in a similar range than ours.32 Bleb formation
could depend on either the acidic buffer concentration used to solu-
bilize mRNA or the type of the ionizable lipid.26,32,40 In contrast with
LNPs, mRNA is sandwiched by lipid bilayers in Lx. Imidazolium Lx
exposes positive charges on their surface, which likely favor the inter-
action with the cell plasma membrane. LNPs are neutral nanopar-
ticles, the ionizable lipid being inside the particles does not interact
with the plasma membrane. Those differences in structures and
composition can explain the distinction between observed cellular in-
teractions and internalization of those two types of mRNA particles in
the uptake study with NK-92 cells (Figure S2). As expected, the cell
surface binding of iCD-Lx was higher than iD-LNP, because of their
cationic charge due to the CL. Despite a higher binding of iCD-Lx
compared with iD-LNP, the internalized payload is equivalent for
both delivery systems.

These data suggest that the amount of internalized particles does not
dictate the transfection efficiency. Monensin effect on the fluores-
cence intensity of cells incubated with iD-LNP and iCD-Lx revealed
that the former was likely located in acidic compartments while the
latter was in neutral compartments (caveolae) or in the cytosol.41

The presence of iD-LNP in acidic compartments can be associated
with a lower and/or slower escape potency and thus less mRNA avail-
ability in the cytosol. This result could be linked with their lower
transfection efficiency compared with Lx.

Interestingly, our results indicate that the transfection with cap1 UNR
mRNA in both iD-LNP and iCD-Lx results in a better efficiency in
comparison to the transfection made with cap1 MNR (5-MoU) and
(PsiU) as well as ARCA UNR on KHYG-1 and NK-92 cells as well
as primary NK cells. Cap1-bearing mRNAs are well known to reduce
innate sensors activation compared with mRNA bearing cap0 or its
analog as ARCA.42,43 Unexpectedly, when the transfection was per-
formed with modified mRNA bearing cap1, a reduced translation
of eGFP mRNA occurred while the percentage of transfected cells re-
mained the same.42,44 The impact of nucleosides modification de-
pends on both the mRNA sequence and/or the lipid composition
and/or the cell type.45 In fact, studies conducted with non-modified
uridine mRNA in cationic liposomes for chimeric antigen receptor
(CAR)-T cells therapy, showed the potency of such non-modified
mRNA in therapeutics.46,47 If the incorporation of modified nucleo-
tides offers advantages such as reduced immunogenicity and
increased stability, as published by Karikó et al.,48 a recent study pub-
lished by Mulroney et al.49 unveils a potential drawback. The intro-
duction of N1-methylpseudouridine into mRNA sequences has
been demonstrated to induce +1 ribosomal frameshifting. This phe-
nomenon disrupts the fidelity of protein translation, potentially lead-
ing to the production of aberrant polypeptides. These abnormal pro-
teins may lack functionality or even exert detrimental effects within
the cell. More investigation is required to understand this negative ef-
fect on the translation efficiency, and it is ongoing in the lab.

The successful replacement of IL-2 recombinant protein by IL-2
mRNA transfection with iD-LNP and iCD-Lx confirms both the effi-
ciency and the biocompatibility of those formulations. Interestingly,
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we observed that cell viability was improved following iCD-Lx trans-
fection compared with recombinant protein supplementation, while
it was similar following iD-LNP IL-2 mRNA transfection. This
strongly suggests that the amount of IL-2 produced after Lx transfec-
tion was higher compared with that obtained using LNP. The intra-
cellular presence of IL-2 mRNA can be of interest as the drawbacks
of IL-2 protein for many therapeutic approaches are known.50 It is
worth noticing that the concomitant delivery of two mRNA encoding
different proteins, in the same formulation, is indeed possible and
efficient. This would expand the range of therapeutic use such as
the delivery of another mRNA coding for ILs (IL-2 + IL-15) or in
combination with CAR mRNA for next generation therapy.51,52

More importantly, our data demonstrate that the transfection of NK
cells with IL-2 mRNA with both delivery systems does not alter the
phenotype of the cell lineage or primary human, with regard to
surface markers and cytotoxicity capacity. The use of IL-2 mRNA
in this study represents a proof of concept, opening new avenues to-
wards non-virally genetically engineered NK cells. Indeed, the use of
viruses is the most common safety hurdle to succeed in reaching the
clinical phase. Other cytokines or important signalling checkpoints
could be expressed as well to optimize NK cells functions. Further ef-
forts could even lead to the use of our formulations for the CRISPR-
Cas9 technology, opening the way to the possibility to modify cells
permanently.

Since our Lx and LNP were stable in the presence of serum, their
efficiency to target NK cells in vivo deserves to be investigated as it
has been shown for T cells.53 Work is in progress to test Lx or LNP
formulations in mice. Altogether, our results pave the way for
mRNA engineering of NK cells with lipid-based platforms.

MATERIALS AND METHODS
mRNA

The pT7-GFP plasmid was linearized with either SpeI or NotI, for
mRNAs production with the mMessage mMachine T7 kit (Ambion)
according to the manufacturer’s instructions. IVT UNR mRNAs,
containing ARCA, were isolated with phenol/chloroform and
isopropanol precipitation. Purity, size and integrity of mRNAs
were checked by UV absorbance (NanoDrop One, Thermo Fisher
Scientific), denaturing agarose gel electrophoresis, and capillary elec-
trophoresis (Agilent). UNR mRNA EGFP and modified nucleoside
mRNA (MNR) (5-MoU) (5-Methoxyuridine) eGFP, both containing
CleanCap, were purchased from Tebu-bio (Tebubio). MNR (psiU)
(N1-Methylpseudouridine) EGFP and UNR IL-2 mRNAs, containing
cap-1, were purchased from OZ Biosciences.

Lipids

DOPE, Chol, Sito, DMG-PEG, DMPE-PEG, and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(Lissamine rhodamine B sulfo-
nyl) were purchased from Avanti Polar Lipid and stocked in ethanol
at �20�C. Ionizable imidazole lipid and cationic imidazolium lipid
were synthetized internally,35 SM-102, ALC-0315 were obtained
from Cayman Therapeutics and D-Lin-MC3 from Cliniscience.
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Microfluidic preparation of liposomes and LNP

Microfluidic production of liposomes and LNPs was achieved using
either the NanoAssemblr Spark or Ignite platforms (Precision Nano-
systems Inc). Depending on the formulation, lipids dissolved in
ethanol were mixed with aqueous phase—either PBS (pH 7.4) or
mRNA in citrate buffer (50 mM, pH 4)—to obtain liposomes and
LNP, respectively. Microfluidic mixing was undertaken at a flow
rate ratio of 3:1 (aqueous: organic phase) and at a total flow rate of
10 mL/min (for liposomes) and 4 mL/min (for LNPs). Liposomes
were prepared at a 21.6 mM final concentration. Then, liposomes
were further dialyzed against PBS for at least 6 h at 4�C, while buffer
exchange for LNP was performed with Amicon Ultra-15 Centrifugal
Filters of 10 kDa MWCO (Millipore Sigma). The size (hydrodynamic
diameter) and zeta potential were determined by dynamic light scat-
tering and electrophoretic mobility, respectively, using the SZ-100
nanoparticle analyzer (Horiba).

Complexation of mRNA with liposomes was analyzed by gel shift
assay. Briefly, mRNA and mRNA complexed with liposomes were
loaded onto 0.6% agarose gel containing 0.02% of Ribogreen (Thermo
Fisher Scientific). Encapsulation efficiency of mRNA in LNP and Lx
was determined by using the Ribogreen assay. Briefly, in a black
96-well plate, LNP, as well as mRNA concentration standards, were
added in Tris-EDTA (TE) buffer without and with Triton X-100.
This was followed by the addition of Ribogreen, which emits fluores-
cence upon binding to RNA measured with a fluorescent plate reader
(lexcitation: 485 nm, lemission: 528 nm). The percentage of mRNA
encapsulation was calculated from the ratio of average fluorescence in
TE buffer and average fluorescence in TE-Triton buffer. Encapsulated
mRNA concentration was calculated from the percentage of encapsu-
lation and the total mRNA concentration (calculated using mRNA
standards).

Cryo-EM

A Vitrobot Mark IV (Thermo Fischer Scientific) was used for cryo-
grid preparation of iD-LNP and iCD-Lip. The temperature inside
the chamber was set to 4�C, humidity was maintained at 100%, blot-
ting time was set to 4 s, and blotting force to 0. Two types of grids were
used: Lacey/Carbon (300 Mesh Cu 25/Bx) and UltrAuFoil R 1.2/1.3
(Au, 200 Mesh; Quantifoil Micro Tools GmbH). The grids were
treated with Air (Solarus plama cleaner, Gatan) for 15 s immediately
before sample application. The liposome sample (3 mL) was deposited
onto the grid and after the blot step, the grids were plunge-frozen into
liquid ethane and cooled by liquid nitrogen. Specimens were main-
tained at �170�C using a cryo-holder. Cryo-EM micrographs were
recorded on a Glacios electron microscope (Thermo Fischer Scienti-
fic) operated at 200 keV. CryoEM images were collected at 79,000�
magnification with an exposure time of 2.41 s and a total dose of
644.30 e/nm2 (pixel size 0.16 nm, defocus �3 to �7 mm).

Cells and cell cultures

NK-92 (CLR-2407) and KHYG-1 (ACC 725) cell lines were pur-
chased from the American Type Culture Collection (ATCC) and
DSMZ, respectively. Jurkat cells (TIB-152) were purchased from
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ATCC. Jurkat cells were cultured in RPMI-1640 with 10% fetal bovine
serum (FBS). KHYG-1 cells were cultured in RPMI-1640 with 10%
FBS and NK-92 cells in the complete medium MyeloCult H5100
(STEMCELL Technologies) supplemented with 10 mM hydrocorti-
sone (STEMCELL Technologies), and both were supplemented
with 100 units/mL IL-2 (Miltenyi). Cells were maintained every two
to three days (either by addition or replacement of medium). When
replacing media, cells were seeded at a concentration of 2–3 � 105

viable cells/mL. Cell culture was performed at 37�C in a humidified
atmosphere containing 5% CO2. All cells were mycoplasma-free, as
they were regularly tested with MycoAlert Mycoplasma Detection
Kit (Lonza).

Primary NK cell cultures

Human NK cells were isolated from peripheral blood mononuclear
cells obtained by centrifugation on density gradient of whole blood
from healthy volunteers provided by the local Blood Bank (Etablisse-
ment Francais du Sang). Negative selection of NK was performed on
EasySep Human NK Cell Enrichment Kit system (StemCell Technol-
ogies). We cultured 2 x 106 sorted NK cells with 100 Gy-irradiated
EBV-LCL cells in a 1:20 ratio, in 20 mL of RPMI supplemented
with 10% fetal bovine, 1� GlutaMAX (both from Gibco; Thermo
Fisher Scientific), and 500 UI/mL IL-2 (Proleukin).

Preparation of mRNA-Lx and LNP

Lx were prepared bymixing liposomes with eGFPmRNA inN/P ratio
of 1/1 (if not stated otherwise) in PBS and gently mixed. After 15 min
incubation at room temperature, Lx were added to the cells. LNP were
diluted in OptiMEM (Gibco) to reach the desired mRNA quantity
and added to the cells. Complexation of mRNA with Lipofectamine,
Screenfect, and mRNAfect was performed according to the manufac-
turer’s instructions.

Transfection of Jurkat, NK-92, and KHYG-1 cells

The a day of transfection, cells were counted (with trypan blue to
discriminate dead cells) and were plated in a NuncTM 24-well
non-treated plate (Thermo Fisher Scientific) in 400 mL Opti-MEM
(Gibco) with 50 U/mL IL-2 (unless noted differently). Lx and
LNP were added to the cells to get a final volume of 500 mL. Cells
were incubated at 37�C in a humidified atmosphere containing 5%
CO2. Typical transfection was performed for 24h. For the kinetic ex-
periments requiring transfection longer than 24 h, 300 mL of com-
plete medium was added to the cells. For primary NK cells, 100 mL
of transfecting solution were gently added to the cells in 400 mL
serum-free media, then kept in the incubator, 37�C, 5% CO2. After
4 h, FBS was added to the well to obtain the same concentration as
in culture medium (20% here). Cells can be split the next day using
the usual culture medium.

For eGFP transfection measurement, cells were collected in round-
bottom polystyrene tubes and then centrifuged at 1,500 rpm for
5 min. Supernatant was removed and 500 mL PBS was added to
each tube. Propidium iodide (PI) (0.01 mg/mL final concentration)
was used to detected dead cells. Then the percentage of transfected
cells (%), the mean of the fluorescence intensity (MFI) and mortality
(PI + cells) were measured by flow cytometry (BD LSR Fortessa X20
Flow Cytometry Analyzer, BD Biosciences).

For kinetic experiments performed on KHYG-1 cells, the transfection
efficiency and time course of eGFP mRNA translation were automat-
ically monitored in a real-time using Incucyte S3 system (Sartorius)
followed by subsequent cell by cell analysis.

Confocal microscopy observations

mRNA was labelled with fluorescein by using the Label IT Nucleic
acid labelling kit (Mirus Bio) and manufacturer instructions. Lipo-
somes and LNPs were labelled by incorporation of 0.25% (molar ratio
deducted from cholesterol or b-sitosterol) of lissamine-rhodamine
phosphatidylethanolamine. After different incubation time points,
cells were washed with PBS, fixed with 2% paraformaldehyde for
20 min, and washed twice with PBS. Then, cells were resuspended
in 80 mL and samples of 10 mL were mixed with 10 mL of Vectashield
(Vector Laboratories) on amicroscope slide before analysis with Zeiss
LSM 980 Airyscan 2 confocal microscope.

Uptake experiments

Lx and LNPs were made with FITC-mRNA and uptake assay was per-
formed as already described.54 Briefly, 4.0� 105 cells were plated in a
24-well plate and were then incubated for different times with Lx or
LNP in a serum-free media. Afterwards, cells were carefully washed
with cold PBS to remove medium and complexes without removing
nanoparticles attached to the cells. The cells were harvested and the
cell suspensions were then transferred to round-bottomed polysty-
rene tubes and kept on ice. For intracellular fluorescence measure-
ment, cells were treated with Trypan blue before analysis to quench
cell surface fluorescence. For monensin treatment, aliquots of cells
were deposited into new tubes and monensin (0.0354 mg/mL in
PBS) was added and cells were kept for 30 min on ice. The fluores-
cence intensity of the cells was then measured by flow cytometry
with the BD LSR Fortessa Flow Cytometry Analyzer.

Cell-cycle analysis

Cells from 24-well plate were pooled (to have R1 million cells),
washed with PBS and fixed with cold absolute ethanol for 15 min at
�20�C. After washing with PBS, they were treated with RNase A
(final concentration 50 mg/mL), and finally stained with PI (final con-
centration of 50 mg/mL) for at least 30 min at 4�C. DNA content was
determined by BD FACSCalibur. Data analysis was performed using
FlowJo software.

Western blot analysis

To determine IL-2 expression, proteins were isolated 24 h from cells
with CCLR lysis reagent (Promega) and from the medium which was
concentrated with Amicon Ultra-0.5 Centrifugal Filter Unit (10 kDa
MWCO). Proteins separated by size with SDS-PAGEwere then trans-
ferred to ethanol activated-PVDF membrane (Merck Millipore). Af-
terwards, incubation in 5% low-fat milk dissolved in TBST was per-
formed for 1 h at room temperature to block the membrane. This
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was followed by incubation at 4�C overnight with primary antibodies
(IL-2 (D7A5) Rabbit #12239, Cell Signaling) diluted either in 5% BSA
or 5% milk. The next day, the membrane was washed and incubated
for 1 h with a secondary antibody (Goat anti-Rabbit IgG [horseradish
peroxidase conjugate] ADI-SAB-300-J, Enzo Lifescience) diluted
in 5% low-fat milk. Signals on membranes were detected with
Clarity Western ECL Substrate (BIO-RAD) according to the manu-
facturer’s instructions, followed by a chemiluminescence analysis
with ChemiDoc (BIO-RAD).
Cytotoxicity assay

Standard 4 h cytotoxicity assays were performed as described else-
where.11 The measurement of apoptotic cells was performed using
the CellEvent Caspase-3/7 Green Flow Cytometry Assay Kit (catalog
#: C10427; Thermo Fisher Scientific) following the manufacturer’s
instructions.
Cytokine assay

For the measurement of IFN-g, TNF production, NK cells (E) were
either co-cultured with K562 cells (T) at increasing effector/target
(E/T) ratios or stimulated with PMA (10 ng/mL) and ionomycin
(1 mg/mL). Cells were incubated with monensin and brefeldin A
(BD GolgiPlug and GolgiStop) in a complete medium for 4 h at
37�C. The cells were subjected to surface staining (anti CD56,
#130-113-313, Milteny Biotech) and intracellular staining (anti-
TNFa: #130-120-063, Milteny Biotech; anti-IFNy: #130-119-577,
Milteny Biotech) was performed by using the FoxP3/Transcription
Factor Staining Buffer Set (eBioscience).
Flow cytometry and cell sorting

Single-cell suspensions were stained with the appropriate monoclonal
antibody in PBS containing 2% FBS. LSRII, Fortessa, (BD Biosci-
ences) were used for cell analysis. Antibodies specific for CD69
(#IM1943U, Clone TP1.55.3, Beckman Coulter), CD122 (#562887,
Clone Mik-B3, BD Biosciences), CD25 (#563159, BD Biosciences),
TIGIT (#17-9500-42, Clone MBA43, In Vitrogen), NKG2D
(#561815, Clone 1D11, BD Biosciences), Dnam-1 (#338323, Clone
11A8, BioLegend), and Nkp30 (#325217, Clone p30-15, BioLegend)
were used.
Statistical analysis

The data were tested for statistical significance using ANOVA and
paired student t-test. All numerical data are expressed as mean with
SD. Analysis was performed using PRISM software (GraphPad).
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