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Natural killer (NK) cells participate in the immune system by eliminating cancer and virally infected cells
through germline-encoded surface receptors. Their independence from prior activation as well as their signifi-
cantly lower toxicity have placed them in the spotlight as an alternative to T cells for adoptive cell therapy (ACT).
Engineering NK cells with mRNA has shown great potential in ACT by enhancing their tumor targeting and
cytotoxicity. However, mRNA transfection of NK cells is challenging, as the most common delivery methods, such
as electroporation, show limitations. Therefore, an alternative non-viral delivery system that enables high mRNA
transfection efficiency with preservation of the cell viability would be beneficial for the development of NK cell
therapies. In this study, we investigated both polymeric and lipid nanoparticle (LNP) formulations for eGFP-
mRNA delivery to NK cells, based on a dimethylethanolamine and diethylethanolamine polymeric library and
on different ionizable lipids, respectively. The mRNA nanoparticles based on cationic polymers showed limited
internalization by NK cells and low transfection efficiency. On the other hand, mRNA-LNP formulations were
optimized by tailoring the lipid composition and the microfluidic parameters, resulting in a high transfection
efficiency (~100%) and high protein expression in NK cells. In conclusion, compared to polyplexes and elec-
troporation, the optimized LNPs show a greater transfection efficiency and higher overall eGFP expression, when
tested in NK (KHYG-1) and T (Jurkat) cell lines, and cord blood-derived NK cells. Thus, LNP-based mRNA de-
livery represents a promising strategy to further develop novel NK cell therapies.

1. Introduction Nowadays, the field has evolved to T-cell receptor (TCR) engineered

cells and, most importantly, chimeric antigen receptor (CAR) engi-

Recent developments in cancer immunotherapy have shown that our
own immune system can be engineered to eliminate both hematological
malignancies and solid tumors [1]. This can be achieved either by
monoclonal antibodies targeting immune checkpoint inhibitors (ICIs) or
adoptive cell therapy (ACT) [2]. Nevertheless, ACT is a more promising
therapeutic solution in which allogeneic or autologous cells are
expanded ex vivo to be infused into the patient intravenously (IV) [1]. In
early development, tumor-infiltrating lymphocytes (TILs) as well as
lymphokine-activated killer cells (LAK) were mainly applied in ACT [3].

* Corresponding authors.

neered T cells (CAR-T), of which several products approved by the U.S.
Food and Drug Administration (FDA) and European Medicines Agency
(EMA) are on the market to target B-cell lymphoma, multiple myeloma,
and other hematological malignancies [4,5].

However, CAR-T cell therapies face various limitations, such as
toxicity, the clinical challenge, and a prohibitive price covering the
production, administration, and logistics of autologous products [6,7].
Therefore, growing interest is focused on natural killer (NK) cells as an
alternative to CAR-T cells for cancer immunotherapy, since early
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preclinical and clinical data have demonstrated strong efficacy and an
excellent safety profile [8,9]. Clinical-grade off-the-shelf NK cell thera-
pies can be generated from multiple allogeneic sources, induce minimal
damage to healthy tissues, with low risk of graft versus host disease
(GvHD) and neurotoxicity [10,11]. Moreover, NK cells produce a
different set of cytokines, not related to cytokine release syndrome (CRS)
[12]. Notably, NK cell therapies can leverage the specificity of tumor
antigen targeting in combination with innate anti-tumor function [9].
Off-the-shelf allogeneic NK cell products, could represent a cost-
effective solution [10].

Unlike T cells, NK cells are a subtype of innate immune lymphoid
cells which do not express antigen-specific receptors, and eliminate
tumor cells directly, by generating lytic granules containing granzyme B
and perforin, or by direct receptor-mediated apoptosis, or indirectly,
through cytokine secretion [6,13,14]. Their cytotoxic action depends on
the net balance of stimulatory and suppressive signals modulated by
activating and inhibitory receptors, respectively [15]. Activating re-
ceptors such as NKp30, NKp44, NKp46, DNAM-1, NKG2C, and NKG2D
recognize ligands on the surface of cancer cells and then “turn on” NK
cells [16]. Conversely, inhibitory receptors, like NKG2A and the killer
immunoglobin-like receptor family (KIR), recognize the major histo-
compatibility complex (MHC) class I molecules on the surface of healthy
cells, therefore blocking NK cell activation [15,17]. Through their
complex receptor system, NK cells are able to kill aberrant cells char-
acterized by loss of surface MHC molecules and simultaneous upregu-
lation of stress ligands, via the “missing-self” response [18,19].
Additionally, engagement of the CD16a (FCyRIIIA) receptor on the NK
cell surface with opsonized immunoglobulin (Ig)G antibodies via the Fc
region results in antibody-dependent cellular cytotoxicity (ADCC),
leading to potent antitumor responses [20,21]. Thanks to their highly
cytotoxic, non MHC-restricted, effector function, NK cells have great
potential for ACT, representing a less cytotoxic alternative to allogenic T
cells towards tumor cells [9,18].

NK therapies have shown clinical benefit, mostly for the treatment of
hematological malignancies. However, effectively treating solid tumors
remains a challenge [9]. In the immunosuppressive tumor microenvi-
ronment (TME), malignant cells secrete cytokines that impair NK cell
migration and function [22]. Among other molecules, transforming
growth factor-p (TGFf) can downregulate degranulation, cytokine
secretion and metabolism of NK cells [15]. To overcome these chal-
lenges, new strategies are being developed not only to improve NK cell
resistance to immunosuppression but also to boost their tumor targeting
and infiltrating cytotoxicity [23]. This is achievable by knocking-out
inhibitory receptors like KIR and NKG2A or by (over)expressing acti-
vating receptors like CD16 and CXCR4 through NK cell engineering
[24]. For this purpose, a highly efficient and safe technology to modify
NK cells is urgently needed.

Messenger RNA (mRNA) represents a promising approach for ther-
apeutic purposes [25,26]. Unfortunately, NK cells are hard-to-transfect
cells, and the already established transfection methods show draw-
backs [24,25]. For instance, electroporation is a well-established non-
viral delivery method, that introduces DNA or RNA molecules into cells
by temporarily increasing the cell membrane permeability. It has been
already used in clinical development of NK cells by delivering NKG2D
(clinicaltrials.gov ID: NCT03415100) and CD19 (NCT01974479) CAR
mRNA in peripheral blood NK (PBNK) cells [27]. However, studies have
shown that electroporation cause phenotypical alterations on NK cells
that may influence therapeutic efficacy [28]. Thus, recent efforts to
develop safer and more effective delivery technologies have shifted the
focus towards synthetic nanoparticles for transfection [29,30].

In the present study, we explored the use of polymeric and lipid
nanoparticles (LNPs) loaded with mRNA to transfect NK cells, evalu-
ating their efficiency as well as their in vitro safety profile. The selection
of the cationic polymers used in this study was based on previously re-
ported data from our group. The triblock co-polymer pHDPA and the
homopolymer pDMAEMA showed good transfection profile in dendritic

456

Journal of Controlled Release 361 (2023) 455-469

and ovarian carcinoma cells, respectively [31,32]. Alternatives of these
polymers were also studied, such as the diethylethanolamine-based
pHDePA triblock co-polymer, its homopolymer pHPMA-DEAE, and a
PEGylated form of pDMAEMA. After synthesis and characterization of
the mentioned polymers, the resulting enhanced green fluorescent
protein (eGFP) mRNA-polyplexes were applied to the easy-to-transfect
human embryonic kidney 293 T (HEK293T) cells and subsequently to
two NK cell lines (KHYG-1 and NK92). In parallel, starting from previ-
ously established mRNA-LNP formulations, we performed optimization
tuning the lipid composition as well as the mRNA encapsulation method,
to successfully deliver eGFP-mRNA to KHYG-1 cells [33]. Eventually, we
identified a promising mRNA formulation based on lipoplexes for mRNA
transfection of NK cells.

2. Materials and methods
2.1. General reagents

Unless stated otherwise, all chemicals and reagents were purchased
from Sigma-Aldrich (Zwijndrecht, the Netherlands) and used without
further purification. The solvents were obtained from Biosolve (Val-
kenswaard, the Netherlands) and dried by activated molecular sieves (4
A). Carbonic acid 2-dimethylamino-ethyl ester 1-methyl-2-(2-methacry-
loylamino)-ethyl ester (HPMA-DMAE) [34], 2-diethylamino-ethyl ester
1-methyl-2-(2-methacryloylamino)-ethyl ester (HPMA-DEAE) [35], N-
[2-(2-pyridyldithio)]ethyl methacrylamide (PDTEMA) [36], and 2-azi-
doethylmethyacryl-amide (AzZEMAm) [37] were synthesized as previ-
ously reported. Linear polyethyleneimine (PEI, Mw 25 kDa) was
obtained from Polysciences (Hirschberg an der BergstraBe, Germany).
Ionizable lipids (bis(2-octyldodecyl) 3,3"- ((4-(4-methylpiperazin-1-yl)
butyl)azanediyl)dipropionate) (C24) [38], and 8-[(2-hydroxyethyl)[6-
0x0-6-(undecyloxy)hexyl]lamino]-octanoic acid 1-octylnonyl ester
(SM-102; Lipid 8) were purchased from DC Chemicals (Shanghai,
China), and 1-octylnonyl 8-[(2-hydroxyethyl)[8-(nonyloxy)-8-oxooctyl]
amino]octanoate (Lipid 5) was obtained from Cayman Chemical
(Michigan, USA) [33]. Stigmasterol was obtained from Avanti Polar
Lipids (Alabama, USA) and 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) from Lipoid (Ludwigshafen, Germany). 1,2-Dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2K) was pur-
chased from NOF (Frankfurt, Germany). CleanCap® eGFP-mRNA
(5moU) and Cy5-eGFP-mRNA were obtained from Trilink Bio-
Technologies (San Diego, USA). Lipofectamine3000™, non-sterile
Phosphate Buffered Saline (PBS), Slide-A-lyzer® Dialysis cassettes
(Extra Strength) (MWCO: 10 kDa), Hoechst 33342, and Quant-iT™
RiboGreen™ RNA Assay Kit were purchased from Thermo Fisher Sci-
entific (Bleiswijk, the Netherlands). RPMI 1640 medium with 1-gluta-
mine was obtained from Capricorn Scientific (RPMI-A, Ebsdorfergrund,
Germany), o-MEM with (deoxy)ribonucleotides and UltraGlutamine
from Lonza (Verviers, Belgium), and recombinant human interleukin-2
with “Improved Sequence” from Miltenyi Biotec (Bergisch Gladbach,
Germany). Zombie NIR™ viability stain was purchased from BioLegend
(Uithoorn, The Netherlands). 'H NMR and spectra were recorded on an
Agilent 400 Hz NMR spectrometer (Agilent Technologies, Santa Clara,
CA, USA). Chemical shifts are reported as 6 values and are given in ppm.
Calibration was done using the residual solvent signals (\H: 6 2.50 ppm
for DMSO-ds, 'H: 5 7.26 ppm for CDCl3 and 'H: § 4.79 ppm for D;0). The
spectra were analysed using MestReNova Software version
12.0.1-20,560.

2.2. Polyplexes

2.2.1. pHDPA

The triblock co-polymer p(HPMA-DMAE-co-PDTEMA-co-AzZEMAm)
(pHDPA) was synthesized by free radical polymerization (Fig. S1) as
previously described [39]. The molecular weight and polydispersity
index (PDI) were determined by gel permeation chromatography (GPC),
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as described below. The copolymer composition was determined by 'H
NMR in DO (Fig. S2) by comparing the integrals at § 4.37 ppm (bs,
OCH,CH,, 2H, HPMA-DMAE), § 7.34-8.45 ppm (m, pyridyl proton
group, 4H, PDTEMA), and 6 3.49 ppm (m, CHyCHsN3, 4H, AZEMAm).

2.2.2. pHDePA

The triblock co-polymer p(HPMA-DEAE-co-PDTEMA-co-AzEMAm)
(pHDePA) was synthesized by free radical polymerization (Fig. S3),
similar to the previously reported pHDPA [39]. The polymer was syn-
thesized using a monomer-to-initiator (AIBN) molar ratio (M/I) of 20.
The molar feed ratio of monomers was 77/22/11 as 220 mg (0.77 mmol)
HPMA-DEAE, 56.7 mg (0.22 mmol) PDTEMA, 17 mg (0.11 mmol)
AzEMAm were dissolved in dry DMSO (1 mL) with 3.6 mg (0.022 mmol)
AIBN in an airtight Schlenk flask. After three vacuum-N; cycles, the
polymerization occurred at 75 °C for 24 h under N, atmosphere. The
resulting orange mixture was dropped in cold diethyl ether and the
formed precipitate was redissolved in DMF (1-5 mL). This procedure
was repeated 3 times. The polymer was then dissolved in 10 mM
NH40Ac (1-5 mL) buffer pH 5.0. After extensive dialysis (8 kDa MWCO)
against 10 mM NH4OAc buffer pH 5.0 (last step with 5 mM), at 4 °C, the
polymer was collected after freeze-drying. The molecular weight and
PDI were determined by GPC, as described in section 2.4.1. The copol-
ymer composition was determined by 'H NMR in DMSO-dg (Fig. $4) by
comparing the integrals at 5 4.71 ppm (bs, OCH,CHj, 2H, HPMA-DEAE),
§7.2-8.48 ppm (m, pyridyl proton group, 4H, PDTEMA), and § 3.69 ppm
(m, CH2CH2N3, 4H, AzEMAm).

2.2.3. pHPMA-DEAE

Poly(carbonic acid 2-diethylamino-ethyl ester 1-methyl-2-(2-metha-
cryloylamino)-ethyl ester) (pHPMA-DEAE) was synthesized similar as
previously described [35], by free radical polymerization (Fig. S5) and
at a M/I molar ratio of 400. Briefly, in an airtight Schlenk flask, 916 mg
HPMA-DEAE (3.2 mmol) and 1.3 mg AIBN (0.008 mmol) were dissolved
in dry DMSO (1 mL). After three vacuum-N5 cycles, the polymerization
occurred at 70 °C for 24 h under N, atmosphere. The resulting orange
solution was mixed with 10 mM NH4OAc (1 mL) buffer pH 5 and sub-
sequently extensively dialyzed (3 kDa MWCO) against the same buffer
for 3 days. Next, pHPMA-DEAE was freeze-dried and obtained as a fluffy
white powder. H NMR (CDCl3): 6 = 6.3 ppm (1H, OCNHCHy), 4.7 ppm
(1H, NHCH,CHCHs), 4.2 ppm (2H, OC=0OCH,CH,N), 3.4-2.9 ppm
(2H, OCNHCHy), 2.7 ppm (2H, OC=0OO0CH,CH,N), 2.6 ppm (3H,
NHCH,CHCH3), 1.9 ppm (2H, CH3CCH,CCHs), 1.2 ppm (4H, 2 x
NCH,CH3), 1.0 ppm (6H, 2 x NCH,CH3) (Fig. S6).

2.2.4. PsD3g

The (PEG)2-ABCPA polymer, composed of two arms of polyethylene
glycol (PEG) chains of MW 5 kDa and 4,4'-azobis(4-cyanopentanoic
acid) (ABCPA) as azoinitiator for free radical polymerization (Fig. S7),
was synthesized as described previously [40]. Briefly, the (PEG),-
ABCPA polymer (1 eq.) and DMAEMA (256 eq.) were dissolved in dry
DMF (9 mL) in an airtight Schlenk flask, to result in a monomer con-
centration of 300 mg/mL. After three vacuum-N; cycles, the reaction
mixture was placed in an oil bath at 70 °C and stirred for 24 h under Ny
atmosphere. The polymer solution was transferred into a dialysis bag
(MWCO 14 kDa) and dialyzed against water for 2 days at 4 °C. The final
PD polymer was collected after freeze-drying, and obtained as a white
powder with a yield of 90%. The synthesized polymer was characterized
by 'H NMR spectroscopy (Fig. S8) and GPC.

2.2.5. pDMAEMA

The homopolymer poly(2-(dimethylamino)ethyl methacrylate
(PDMAEMA) was synthesized as previously described and was charac-
terized by 'H NMR spectroscopy (Fig. S9) and GPC [41].

2.2.6. Polyplex formulation
Polymer stock solutions were prepared in 20 mM HEPES buffer pH
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7.4 at 10 mg/mL for pHDPA, pHDePA, and pHPMA-DEAE and 5 mg/mL
for PEL, PEG-pDMAEMA, and pDMAEMA. In a typical experiment, the
mRNA polyplexes were prepared by mixing through manual pipetting
the cationic polymer in 20 mM HEPES buffer pH 7.4 with the 5-methox-
yuridine (5moU)-modified mRNA encoding for eGFP in 20 mM HEPES
buffer pH 7.4 with 1:1 volume ratio, according to the respective N/P
ratio. The resulting polyplexes were incubated on ice for 15 min before
they were added to the cells. The polyplexes were characterized for
particle size, PDI, and {-potential.

Regarding PEGylated and chemically crosslinked pHDPA, the
following procedure was followed; the mRNA polyplexes were prepared
at an N/P molar ratio of 4, with a final mRNA concentration of 100 pg/
mL. PEG-BCN was synthesized as previously described [39] and was
dissolved in 20 mM HEPES buffer pH 7.4 at 10 mg/mL. First, pHDPA (12
pL) was diluted with 88 pL HEPES buffer and this solution was subse-
quently added to 40 pg mRNA diluted with 60 pL. 20 mM HEPES buffer
pH 7.4, vortexed for 5 s, and incubated for 10 min on ice. Next, PEG-BCN
(153.9 pL) was added to the polyplex dispersion and incubated at RT for
2 h. Finally, the polyplexes were crosslinked by the addition of half a
molar to PDS groups DTT (10 pL; 5 mM in water) and incubated for 1 h at
RT. After the addition of 40 pL sucrose (50% in water, 5% final con-
centration), the polyplexes were frozen using liquid nitrogen and sub-
sequently freeze-dried. The resulting powder was resuspended in RNase-
free water (400 pL) for a final mRNA concentration of 100 pg/mL before
the polyplexes were added to the cells.

2.3. Lipid nanoparticles

LNPs were prepared using a NanoAssemblr® microfluidic mixer
(Precision Nanosystems, Vancouver, Canada), as depicted in Fig. S10.
Briefly, the different lipids were dissolved in EtOH at molar ratios of
50:10:38.5:1.5 (ionizable lipid:DSPC:steroid:DMG-PEG2K) (Fig. 2A)
while the 5moU-modified mRNA encoding for eGFP (1 mg/mL stock
solution) was diluted with 6.25 mM NaOAc pH 5 to a final concentration
of 33 ng/pL. The two solutions were mixed at a volume ratio of 1:1.5 or
1:3 (EtOH:aqueous) and a total flow rate (TFR) ranging from 4 to 11 mL/
min. After mixing, the resulting LNPs were dialyzed against phosphate-
buffered saline (PBS, pH 7.4) in Slide-A-lyzer® Dialysis cassettes (Extra
Strength) (10 kDa MWCO) for at least 12 h and stored at 4 °C until use.
The formulations were characterized for particle size, PDI, {-potential
and RNA encapsulation efficiency.

2.4. Characterization

2.4.1. Gel permeation chromatography (GPC)

To determine the molecular weight of the synthesized polymers, GPC
was performed using two linked PLgel 5 pm mixed-D columns (Polymer
Laboratories, UK) on an Alliance 2695 (Waters, the Netherlands) chro-
matography system, with column temperature set to 65 °C, coupled to a
refractive index detector. DMF containing 10 mM LiCl was used as
eluent at a rate of 1 mL/min. The sample concentration employed was 3
mg/mL, and PEG polymers of different molecular weight and with a
narrow distribution (PSS, Germany) were used as calibration standards.
Data analysis was performed by the Waters Empower 32 software.

2.4.2. Gel retardation assay

To examine the polyplex stability and mRNA release in different N/P
ratios, polyplexes were prepared as described in section 2.2.6. and
diluted with 20 mM HEPES buffer (pH 7.4) to a final mRNA concen-
tration of 20 pg/mL. To examine the release potential in physiological
conditions, the polyplexes were mixed with heparin sodium salt solution
at a final concentration of 2.5 mg heparin/mL. Next, the samples were
incubated at 37 °C for 45 min and subsequently mixed with 4 pL of 6x
orange DNA loading dye and loaded into a 1% agarose gel in Tris-
acetate-EDTA (TAE) buffer containing Midori Green (DNA/RNA stain;
NIPPON Genetics Europe). After electrophoresis at 120 V for 30 min, the
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gel was analysed by a ChemiDoc™ Imager (Bio-Rad Laboratories Inc.,
Hercules, CA) using Image Lab software (version 6.0.1).

2.4.3. Dynamic light scattering (DLS) and {-potential

The size and the PDI of the polyplexes and the LNPs were measured
with DLS using a Zetasizer Nano-S at a 90° angle (Malvern ALV CGS-3,
Worcestershire, UK) at 25 °C and the Zetasizer software 7.13. The
{-potential was determined using a Zetasizer Nano-Z (Malvern ALV CGS-
3, Worcestershire, UK) with universal ZEN 1002 ‘dip’ cells at 25 °C.
Polyplexes were measured in 20 mM HEPES buffer (pH 7.4) at an mRNA
concentration of 15 pg/mL, while LNPs were measured in PBS (pH 7.4).

2.4.4. mRNA encapsulation efficiency

The mRNA encapsulation by LNPs was determined using the Quant-
iT™ RiboGreen™ RNA Assay Kit according to manufacturer protocol;
briefly, mRNA-LNP formulations were diluted 100 times and subse-
quently incubated at RT with Quant-iT™ assay reagent, in the presence
or absence of 0.5% Triton X-100 to measure the total and the unen-
capsulated mRNA, respectively. The standards and the samples were
measured using a Jasco FP-8300 spectrophotometer (excitation wave-
length: 485 nm /emission wavelength: 530 nm). Based on the calibra-
tion curves of the standards with and without triton, the encapsulation
efficiency was calculated by the following formula: EE% = ((total mRNA-
unencapsulated mRNA)/total mRNA) x 100%.

2.5. Cell culture

HEK293T, NK-92, and Jurkat cells were obtained from the American
Type Culture Collection (ATCC, Manassas, Virginia, USA). KHYG-1 cells
were acquired from DSMZ (ACC725, Braunschweig, Germany).
HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (v/v) of fetal bovine serum (FBS).
KHYG-1 cells were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium with glutamine, 10% FBS (v/v), and 160 U/mL recom-
binant human interleukin 2 (IL-2), at a density of 0.5 x 10° cells/mL.
NK-92 cells were cultured in o-Minimum Essential Medium (alpha-
MEM) with glutamine and ribonucleosides, supplemented with 12.5%
(v/v) horse serum, 12.5% (v/v) FBS and 1000 U/mL IL-2, at a density of
0.5 x 10° cells/mL. Jurkat cells were cultured in RPMI 1640 medium
supplemented with 10% (v/v) heat-inactivated FBS. Cord blood-derived
NK cells were obtained from Glycostem Therapeutics and cultured as
previously reported [42,43]. All cells were cultured at 37 °C in a hu-
midified atmosphere containing 5% COa.

2.6. mRNA transfection assay

The transfection experiments were performed over three consecutive
days as follows. First, 2.5 x 10* cells/well were seeded in a flat bottom
96-well plate and were incubated overnight at 37 °C with 5% CO,. On
the day of transfection, polyplexes or LNPs were added without
refreshing the cell medium, and the cells were incubated for 24 h at
37 °C with 5% CO3. The amount of mRNA was 250 ng/well for poly-
plexes and 500 ng (low dose) and 1 pg (high dose) per well for LNPs. For
the LNPs, the dose was calculated according to the obtained volume of
the formulation after dialysis and the amount of mRNA, assuming 100%
encapsulation efficiency. On day three, the preparation for analysis with
flow cytometry or/and confocal fluorescence microscopy was per-
formed. As a positive control, Lipofectamine3000™ was used according
to the manufacture’s protocol with mRNA concentration at 150 ng/well
for polyplexes and 500 ng/well for LNPs.

2.7. Electroporation
Electroporation was performed using a BTX ECM 830 square elec-

troporator (Holliston, US). Briefly, 2 x 10° cells were harvested and
washed with 1 mL of 0.01% DMSO in Opti-MEM. Next, the cell pellet
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was resuspended in 200 pL 0.1% DMSO in Opti-MEM and subsequently
added to a 4 mm BTX aluminum cuvette (Holliston, US) equipped with
20 pg mRNA/mL (4 pg mRNA/cuvette). Next, the cells were electro-
porated using one pulse of 1450 V for 50 ps and were then transferred
into a 6-well plate containing 2 mL of complete medium per well and
incubated for 24 h at 37 °C with 5% CO,.

2.8. Flow cytometry (FC)

To assess the transfection efficiency, cell viability, and geometric
mean fluorescence intensity (gMFI) of positive signals, cells were ana-
lysed using FC. First, cells were transferred into a U-bottom 96-well plate
and washed with PBS (pH 7.4). To quantify the cytotoxicity, the cells
were treated with Zombie NIR™ Fixable Viability dye (BioLegend),
diluted 1:1000 according to the manufacturer’s protocol, and were
incubated at RT in the dark for 30 min. After incubation, the cells were
washed with 0.5% bovine serum albumin (BSA) in PBS and subsequently
fixed with 1% paraformaldehyde (PFA) in PBS for 10 min in RT. The
fixed cells were kept at 4 °C until analysis with a BD FACSCanto™ II
Flow Cytometry System (Franklin Lakes, USA), acquiring 10* events per
well. The background signal from untreated cells was subtracted from
the reported transfection efficiency of treated cells. The viability per-
centage was normalized based on the viability of the untreated cells
(100%). The gating strategy is illustrated in Fig. S11.

2.9. Confocal live cell imaging

To visualize the eGFP expression or Cy-5 eGFP-mRNA uptake, cells
were imaged with the confocal fluorescent microscope Yokogawa Cell
Voyager CV7000s (Tokyo, Japan). After overnight incubation with the
transfection mixture, cells were washed with PBS (pH 7.4) and incu-
bated in the dark with 1:500 diluted Hoechst 33342 in Opti-MEM at
37 °C for 10 min to stain cell nuclei. Fluorescent images were analysed
with ImageJ software.

2.10. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.5.0. The
values are expressed as the mean + standard deviation (SD). Means
were compared using one-way ANOVA, unless indicated otherwise.
Differences were considered statistically significant at p < 0.05.

3. Results and discussion
3.1. Polyplex-mediated mRNA transfection of NK cells

3.1.1. Polyplex formulation and characterization

To investigate the mRNA transfection potential of polyplexes in NK
cells, first the cationic polymers pHDPA, pHDePA, pHPMA-DEAE,
pDMAEMA, and PEG-pDMAEMA were synthesized as previously re-
ported [35,39-41]. The synthesized polymers were characterized by 'H
NMR, and their molecular weight as well as their polydispersity (PDI)
were evaluated by GPC (Table S1). The copolymer composition of the
triblock co-polymers pHDPA and pHDePA was measured by the inte-
gration of the relative protons on ‘H NMR. The AzZEMAm content was
28% and 26% for pHDPA and pHDePA, respectively, which is substan-
tially higher than the feed composition of 11%. This is in accordance
with the previous results of Lou et al. [39]. The yield of the polymeri-
zation of pHDPA and pHDePA was around 25%, possibly due to polymer
loss during workup in combination with an incomplete monomer con-
version. The latter can explain the higher final AZEMAm content since its
smaller size makes it more reactive during free radical polymerization.

The polyplexes were prepared through self-assembly of the cationic
polymers with mRNA via electrostatic interactions between the amine
groups of the polymers and the phosphate groups of the mRNA. To study
the influence of PEGylation and crosslinking, first the azide groups of
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Table 1
Characteristics of mRNA polyplexes.

Polyplexes N/P Size" PDI"  (-potential” (mV +
ratio (nm + SD)
SD)
PHDPA w PEG, 4 199 +£13 0.15 —-21.0+ 1.1
crosslinked
PHDPA W{O PEG, 10 56 +0 0.25 —10.7 £ 0.8
crosslinked
pHDePA w/o PEG, 10 164+3 021 +143+0.3
crosslinked
pHPMA-DEAE 10 185 +3 0.30 +20.1 £ 0.2
PsD3g 10 77 £1 0.22 +13.0+1.1
pDMAEMA 10 144 +1 0.27 +6.5 + 0.4
PEI 40 138 £1 0.23 +17.5+ 1.7

@ Determined by DLS.
b Determined by Zetasizer.

pHDPA polyplexes were post-modified with PEG-BCN via copper-free
click chemistry, followed by the addition of DTT to chemically cross-
link the pyridine disulfide groups of the polymer. These polyplexes were
then freeze-dried with sucrose as cryoprotectant and redispersed in
nuclease-free water before their addition to the cells.

A significant parameter of mRNA polyplexes is the N/P ratio, i.e., the
ratio of the amine groups of the polymer to the phosphate groups of the
nucleic acid. Several studies have shown that the N/P ratio plays a
critical role not only in the characteristics of the polyplexes but also in
the transfection efficiency and viability of the transfected cells [44,45].
To examine the mRNA complexation and particle stability, different N/P
ratios of pHDPA, pHDePA, pHPMA-DEAE, pDMAEMA, and PsD39 pol-
yplexes were analysed with an agarose gel electrophoresis. As shown in
Fig. S12, mRNA complexation was achieved for all tested N/P ratios.
After the addition of negatively charged heparin, the polyplexes
formulated at all the examined N/P ratios released mRNA, demon-
strating a reversible complexation. Although polyplexes prepared at
higher N/P ratios show enhanced cellular uptake and endosomal escape,
the excess of cationic polymer usually has a negative effect on cell
viability [46,47]. To avoid potential toxicity, high N/P ratios were
therefore excluded for the following transfection experiments. Thus, an
N/P ratio of 10 was used to formulate pHDPA, pHDePA, pHPMA-DEAE,
PDMAEMA, and PsD3g polyplexes. PEGylated and crosslinked pHDPA
polyplexes were formulated with an N/P ratio of 4, as previously
described by Lou et al. [39]. For PEI polyplexes, an N/P ratio of 40 was
selected, according to the transfection data published by Huh et al. [48].

As shown in Table 1, apart from pHDPA (with and without PEGy-
lation and crosslinking) which resulted in the formation of polyplexes
with a negative {-potential, the other polyplexes were positively charged
and their size ranged from 138 to 199 nm (Table 1). Only, pHDPA
without PEGylation and P5D3g resulted in smaller particles of 56 nm and
77 nm, respectively.

3.1.2. mRNA-polyplex mediated transfection of HEK293T, KHYG-1 and
NK-92 cells

To investigate the transfection efficiency of the mRNA polyplexes on
NK cells, an easier-to-transfect cell line, the HEK293T cells, was used
first. Lipofectamine3000™ and free mRNA in culture medium were
tested as controls. As shown in Fig. 1A, pHDPA based polyplexes with or
without post-modification were not able to transfect the HEK293T cells.
Both polyplexes based on the PEGylated and the homopolymer of
DMAEMA (PsD39 and pDMAEMA) showed a transfection efficiency of
3% and 1%, respectively, while the HPMA-DEAE-based polyplexes
(pHDePA and pHPMA-DEAE) resulted in around 0.5% eGFP-positive
cells. Lipofectamine and PEI resulted in >50% eGFP-expressing cells.
Regarding toxicity, all polymers preserved the viability of HEK293T
cells at >95% except for PsD3g, which showed cytotoxicity with a drop
in viability to around 50% (Fig. 1B).

Next, polyplex-mediated mRNA delivery was assessed on NK cells
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(Fig. 1C). For this, only PEI, PsD39, and pHPMA-DEAE were screened on
two NK cell lines, namely KHYG-1 and NK-92. Lipofectamine3000™ was
used as control. Only a small number of NK cells were eGFP-positive (0%
with PEL, ~0.5% with PsD39, and pHPMA-DEAE). Lipofectamine lip-
oplexes also showed minimal transfection efficiency (~0.05%) of NK
cells, which is in accordance with previous work [28]. Similar to
HEK293T cells, PsD3g polyplexes were the only ones causing toxicity, as
cell viability dropped to 66% and 85% for KHYG-1 and NK-92, respec-
tively (Fig. 1D).

3.1.3. Evaluation of polyplex uptake by KHYG-1 cells

The low efficiency of mRNA transfection with polyplexes suggests
limited particle uptake or limitations in the endosomal escape of the
polyplexes and the release of the mRNA into the cytosol. To assess the
uptake of these nanoparticles by NK cells, PEI, PsD39, and pHPMA-DEAE
polyplexes containing Cy5-labeled mRNA encoding for eGFP were
formulated, and the same transfection assay was performed on KHYG-1
cells. The results were then visualized by fluorescent microscopy 24 h
after transfection (Fig. 1E). Cy5 was visualized by the red channel and
shows particle tracking within KHYG-1 cells, and eGFP was visualized
by the green channel indicating protein expression. As shown in Fig. 1E,
a higher cellular uptake (Cy5 signal) of lipofectamine lipoplexes and
Ps5D3g polyplexes was observed. However, the lack of eGFP expression
indicates that after 24 h incubation these polyplexes were still inside the
endosome or mRNA has not been released yet [49]. Both PEI and
pHPMA-DEAE polyplexes showed limited to absent cellular uptake,
which explains the low transfection activity in NK cells.

3.2. Lipid nanoparticle-mediated mRNA transfection of NK cells

3.2.1. Screening of different ionizable lipids

Since the tested polymeric eGFP-mRNA nanoparticles showed
limited expression of the reported gene into NK cells, we also tested the
transfection potential of LNPs based on previously described formula-
tions [33,50]. LNPs formulated with the ionizable lipids C24, Lipid 5,
and SM-102 (Fig. 2A 1-3) at an N/P ratio of 3, were first tested on KHYG-
1 cells to evaluate their influence on transfection efficiency and cell
viability. A volume ratio of 1:1.5 (EtOH:aqueous) and a TFR of 4 mL/
min were used during microfluidic formulation. As shown in Fig. 2B,
LNPs with C24 achieved only 3% of eGFP-positive cells, when a high
dose was used. LNPs composed of Lipid 5 and SM-102 ionizable lipids
successfully transfected KHYG-1 cells, with the transfection efficiency
ranging from 48% for Lipid 5 to 70% for SM-102 (Fig. 2B). Interestingly,
SM-102 also resulted in higher gMFI, especially with high dose (Fig. 2D).
However, since only one N/P ratio was used in this experiment, we
further performed optimization steps to establish the optimal formula-
tion parameters.

3.2.2. Optimization of the mRNA-LNPs

During optimization, the particles were characterized for size, PDI,
and (-potential and the transfection efficiency, the intensity of eGFP
expression (gMFI), and cell viability were evaluated by flow cytometry,
as presented in Table 2 and Fig. S13. To identify the optimal ionizable
lipid for transfection of KHYG-1 cells, LNPs of different N/P ratios for
both Lipid 5 and SM-102 were screened. For SM-102, the LNPs of N/P 3
and 5 showed similar transfection efficiency, ranging from 82% to 84%
depending on the dose. Differently, the N/P ratio played a critical role
for Lipid 5, as N/P 5 significantly increased not only the transfection
efficiency when compared to N/P 3, from 36% to 90% (low dose), but
also the gMFI from 3 to 2819 a.u. (Table 2 and Fig. S13). The overall
toxicity was not an issue, as cell viability was >95% when N/P of 3 and 5
were used for both ionizable lipids. It should also be mentioned that
differences in N/P ratio did not influence the size of the particles, as the
size for both SM-102 and Lipid 5 in N/P 3 and 5 ranged from 105 to 110
nm (Table 2). As expected, the {-potential slightly increased when a
higher N/P ratio was used, from —3.5 to —2.7 mV and from —6.2 to
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Fig. 1. Evaluation of transfection efficiency and cell viability by flow cytometry 24 h after transfection with different eGFP-mRNA polyplexes of HEK293T cells and
two NK cell lines, KHYG-1 and NK-92. A) Evaluation of transfection efficiency by flow cytometry 24 h after treatment of HEK293T cells with eGFP-mRNA-polyplexes.
B) Evaluation of viability of HEK293T cells 24 h after treatment with eGFP-mRNA-polyplexes, measured by flow cytometry. C) Evaluation of transfection efficiency
by flow cytometry 24 h after treatment of NK cells with eGFP-mRNA-polyplexes. Light and dark blue bars represent the percentage of eGFP+ KHYG-1 and NK92 cells,
respectively. D) Evaluation of viability of NK cells 24 h after treatment with eGFP-mRNA-polyplexes, measured by flow cytometry. Light and dark blue bars represent
the percentage of KHYG-1 and NK92 viable cells, respectively. E) Fluorescence microscopy images of the PEI, PsD3g and pHPMA-DEAE polyplexes, and Lipofect-
amine3000™ uptake by KHYG-1 cells. Cy5 labeled eGFP-mRNA was used to formulate the particles and uptake was studied 24 h after transfection. Cy5 (red channel)
represents particle uptake and eGFP (green channel) represents protein expression. Scale bar represents 300 pm. n = 3 technical replicates, * =p < 0.1, ** =p < 0.01,
*#% = p < 0.001, and **** = p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. mRNA delivery to KHYG-1 cells using LNPs formulations and screening different ionizable lipids. A) Lipids used during the LNP optimization: (1) C24, (2)
Lipid 5, (3) SM-102, (4) DSPC, (5) DMG-PEG2k, (6) Cholesterol, (7) p-Sitosterol, and (8) Stigmasterol. B) Evaluation of transfection efficiency by flow cytometry 24 h
after treatment of KHYG-1 cells with mRNA-LNPs formulated with the ionizable lipids C24, Lipid 5 and SM-102. The loaded particles are compared with empty LNPs.
Light and dark green bars represent the percentage of eGFP-positive cells after treatment with low and high dose, respectively. n = 3 technical replicates, * =p<
0.0001. Student’s t-test was used for the statistical analysis of the transfection efficiency of Lipid 5 and SM-102 based LNPs with low vs high dose, * =p < 0.05, ** =
p < 0.01. C) Viability of KHYG-1 cells 24 h after treatment with mRNA-LNPs formulated with the ionizable lipids C24, Lipid 5 and SM-102, measured by flow
cytometry. Light and dark green bars represent the percentage of KHYG-1 viable cells after treatment with low and high dose, respectively. n = 3 technical replicates.
D) gMFI of eGFP expression of KHYG-1 24 h after treatment with loaded and empty LNPs using the different ionizable lipids. n = 3 technical replicates, **** = p <
0.0001. Lipofectamine3000™ is used as control.
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Table 2

Optimization of lipid nanoparticles.
Tonizable N/P Steroid TFR® (mL/  Volume Size” PDI>  {-potential® (mV EE'  TE® gMFI’ Viability
Lipid ratio min) ratio g]l)[;l + + SD) Low High Low High Low High
SM-102 3 Cholesterol 4 1:1.5 105 +3 0.10 -3.5+09 NT® 81% 86% 277 942 100% 99%
SM-102 5 Cholesterol 4 1:1.5 109 £3 0.22 —-2.7+0.3 NT 83% 84% 454 697 99% 98%
Lipid 5 3 Cholesterol 4 1:1.5 104 + 2 0.24 —6.2+1.4 NT 36% 46% 3 30 98% 99%
Lipid 5 5 Cholesterol 4 1:1.5 110 £5 0.25 —49+19 76% 90% 87% 2819 2596 97% 95%
Lipid 5 5 Cholesterol 11 1:1.5 92 +17 0.49 -23+14 85% 56% 70% 135 267 98% 99%
Lipid 5 5 B-Sitosterol 11 1:1.5 86 +13 0.48 —2.6 +£ 0.6 53% 87% 84% 5143 4845 97% 94%
Lipid 5 5 Stigmasterol 11 1:1.5 82+5 0.63 —-6.1+1.1 60% 36% 36% 26 21 98% 97%
Lipid 5 5 p-Sitosterol 9 1:1.5 137 £6 0.33 -2.8+0.2 31% 30% 15% 3 0 95% 91%
Lipid 5 5 Cholesterol 9 1:3 89+1 0.13 —-2.8+0.4 NT 77% 80% 1676 942 94% 98%
Lipid 50 5 p-Sitosterol 9 1:3 151 +4 0.22 -7.1+0.4 NT 92% 94% 19,745 13,553 99% 100%
@ Total Flow Rate.
b Determined by DLS.
¢ Determined by Zetasizer.
4 Encapsulation Efficiency.
¢ Transfection Efficiency.
f Mean Fluorescence Intensity of eGFP.
& NT = not tested.
" Final optimized LNP formulation.

Brightfield Hoechst eGFP Merge

Untreated

Cholesterol

B-Sitosterol

—4.9 mV for SM-102 and Lipid 5, respectively. Since the LNP formula-
tion based on Lipid 5 showed higher expression intensity compared to
SM-102 (gMFI 2819 over 454 a.u.), further optimization was pursued
using Lipid 5 as the ionizable lipid at an N/P ratio 5.

Replacing cholesterol with its plant-based structural analogues
B-sitosterol and stigmasterol (Fig. 2A 6-8) was previously reported to
enhance endosomal escape and therefore protein expression [51,52]. In
our hands, addition of stigmasterol to the formulation resulted in highly
polydisperse particles with a PDI of 0.63, probably due to aggregation,
that resulted in lower transfection efficiency (around 36%) and very low
gMFI (Table 2 and Fig. S13). Incorporation of p-Sitosterol on the other
hand, not only considerably improved transfection activity compared to
cholesterol-based LNPs (87% versus 56% for low dose and 84% versus

—
300 pm

—
300 pm
—
300 pm

Fig. 3. Fluorescence microscopy images of KHYG-1 cells 24 h after transfection with a low dose (500 ng mRNA per well) of Lipid 5 N/P 5 based mRNA-LNPs
formulated with either cholesterol or p-sitosterol. Scale bar represents 300 pm.

70% for high dose), but it also significantly increased the total eGFP
expression (Table 2 and Fig. S13). Specifically, the gMFI measured by FC
showed a 38-fold increase for low dose that is in accordance with the
fluorescent images in Fig. 3. As shown in Table 2, no significant differ-
ences could be observed in terms of size and {-potential for cholesterol
and p-sitosterol based formulations, as they both resulted in 92 and 86
nm particles, respectively with a slightly negative {-potential of around
—2 mV. Additionally, the mRNA encapsulation was higher when
cholesterol was used as a steroid, therefore, the observed difference in
eGFP expression can be explained by the morphology of the LNPs.
Eygeris et al. have previously investigated the differences in morphology
of cholesterol and phytosterol LNPs, using cryo transmission electron
microscopy (Cryo-TEM), differential scanning calorimetry (DSC) and a
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Table 3
Characteristics of the optimized mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-
PEG2K).

Size® PDI" ¢-potential” (mV + SD) EE°
(nm + SD)
mRNA-LNPs 125 + 1.4 0.18 -38+1.1 84%

# Determined by DLS.
b Determined by Zetasizer.
¢ Encapsulation efficiency.

membrane fluidity assay, showing that p-sitosterol LNPs have a higher
degree of lamellarity [53]. Accordingly, as shown by Patel et al., LNPs
composed of phytosterols are polymorphic and multilamellar, showing
different surface morphology, therefore, different lipid composition in
the outer lipid layer compared with the with cholesterol ones. Their cryo
transmission electron microscopy (Cryo-TEM) images clearly indicate
that LNPs formulated with both cholesterol and natural analogues show
a core-shell structure, with an amorphous core and a lamellar surface.
However, LNPs with natural analogues, like f-sitosterol, exhibit a
multifaceted surface compared to cholesterol-based LNPs that show an
evenly curved outer layer. [51]. The structural change of the - LNPs can
increase the fragility of the particle and thus its fusion with the endo-
somal membrane, eventually enhancing mRNA cytosolic delivery
[51,53].

Modifying the formulation parameters during microfluidic assembly
of the LNPs also played an important role in optimization. Due to limi-
tations in the settings of the microfluidic equipment, the TFR had to be
reduced from 11 to 9 mL/min in order to compare the 1:1.5 with a
higher volume ratio. When the TFR was lowered from 11 to 9 mL/min at
a fixed volume ratio of 1:1.5 (EtOH:aqueous), a drop from 87% to 30%
with low dose and from 84% to 15% with high dose was observed in
transfected cells (Table 2 and Fig. S13). As shown in Table 2, the
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C-potential of the particles remained around —2 mV, however the size
increased from 86 to 137 nm. This difference in particle size is expected
since higher TFRs result in smaller particles [54,55]. Conversely, when
the TFR was lowered to 9 mL/min while increasing the volume ratio
from 1:1.5 to 1:3, the percentage of eGFP-positive cells was recorded at
92% and 94% (for low and high dose, respectively) (Table 2), which is
the highest transfection efficiency observed in this study. By increasing
the volume ratio, the amount of aqueous buffer increases as well. This
results in higher solution polarity and therefore stronger self-assembly of
the LNPs. This can potentially lead to smaller particle size, enhanced
mRNA complexation and overall higher transfection efficiency. Finally,
the 1:3 volume ratio led to higher gMFI levels and eGFP expression
(Table 2 and Fig. S13).

Compared to the tested eGFP-mRNA-polyplexes of section 3.1.2,
LNPs exhibited comparable results, with particle sizes ranging from 90
to 150 nm. Regarding polydispersity, LNPs formulated with both
cholesterol and f-sitosterol demonstrated a narrow distribution, with
polydispersity values ranging from 0.13 to 0.22. Polymeric nano-
particles showed similar levels of polydispersity. Nonetheless, a notable
distinction between the two nanoparticle types was observed in terms of
surface charge. Polyplexes displayed a highly negative charge, while
LNPs exhibited a slightly negative charge closer to zero. This difference
in {-potential emphasizes the significance of the particle charge, as it can
influence the interaction with the NK cell membrane, potentially
affecting crucial factors such as cellular uptake. The comparison of the
characteristics of the two nanoparticle types can be found in Table S2.

The optimization revealed that the optimal lipids for the LNP
formulation were the Lipid 5, DSPC, DMG-PEG2K and f-sitosterol. In
addition, mRNA complexation with a N/P ratio of 5 and TFR of 9 mL/
min with a volume ratio of 1:3 (EtOH-aqueous) were the optimal pa-
rameters during LNP microfluidics formulation. Besides the influence of
lipid composition and formulation parameters, this optimization
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Fig. 4. Comparison of the optimized mRNA-LNPs with electroporation of free mRNA in KHYG-1 and Jurkat cells. A) Evaluation of transfection efficiency by flow
cytometry of KHYG-1 and Jurkat cells 24 h after transfection with the optimized mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min,
and 1:3 EtOH:aqueous volume ratio), electroporation and Lipofectamine3000™. Pink and red bars represent the percentage of KHYG-1 and Jurkat eGFP-positive
cells, respectively. B) Evaluation of KHYG-1 and Jurkat cells viability by flow cytometry 24 h after transfection with the optimized mRNA-LNPs (Lipid 5/DSPC/
B-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3 EtOH:aqueous volume ratio), electroporation and Lipofectamine3000™. Pink and red bars represent
the percentage of KHYG-1 and Jurkat viable cells, respectively. C) gMFI of eGFP expression 24 h after treatment with the optimized mRNA-LNPs (Lipid 5/DSPC/
B-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3 EtOH:aqueous volume ratio), electroporation and Lipofectamine3000™. Pink and red bars represent
the gMFI of KHYG-1 and Jurkat cells, respectively. n = 3 technical replicates, * = p < 0.05 and * = p < 0.0001. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Fluorescence microscopy images of KHYG-1 cells 24 h after transfection with Lipofetcamine3000™ lipoplexes, electroporation of free mRNA and low dose of
the optimized mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3 EtOH:aqueous volume ratio). Scale bar represents 300 pm.

showed that NK cell transfection is efficient with both tested mRNA
doses. Therefore, the next experiments were performed using the lower
dose (500 ng mRNA per well) of the optimized formulation.

3.2.3. Optimized LNPs show superior transfection parameters in KHYG-1
and Jurkat cells

The mRNA delivery efficiency of the LNPs, formulated using the
optimized parameters (Lipid 5, N/P 5, p-sitosterol, TFR 9 mL/min, and
1:3 volume ratio), was compared to electroporation in two immune cell
lines: KHYG-1 NK cells and Jurkat T cells. After full characterization of a
new mRNA-LNPs batch (Table 3), KHYG-1 and Jurkat cells were incu-
bated with this mRNA formulation following the transfection protocol,
as described in section 2.6.

As shown in Fig. 4A and B, LNPs and electroporation resulted in 92%
and 85% eGFP-positive KHYG-1 cells, respectively, while the cell
viability was retained (>99%). Importantly, Fig. 4C and 5 shows that
transfection with LNPs caused a 35-fold increase in gMFI over electro-
poration. As expected, free mRNA and lipofectamine lipoplex were un-
able to transfect KHYG-1 cells.

A similar pattern was observed in Jurkat cells. Fig. 4A shows that
LNPs were superior to electroporation transfecting 95% of the cells
compared to 63% of eGFP-positive electroporated cells. As expected,
lipofectamine lipoplexes transfected only a low number of cells (~3%).
In Fig. 4B, a drop in viability in electroporated cells was noticeable, as
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20% of the cells died during treatment. Jurkat’s viability dropped only
by 4% when incubated with the LNPs. In contrast to KHYG-1 cells, the
difference in gMFI measured by FC was even more pronounced as LNPs
showed a 54-fold increase in eGFP expression compared to electropo-
ration, as shown in Fig. 4C. A clear indication that mRNA-LNPs provide a
strong intracellular eGFP expression is also shown in fluorescence im-
ages on Fig. 6.

These differences in transfection efficiency and gMFI can potentially
be explained by the fact that cells are exposed to mRNA-LNPs for 24 h
compared to the brief electroporation stimulus (50 ps with one pulse).
Moreover, the low gMFI of electroporated KHYG-1 and Jurkat cells
(Fig. 4B) can be a result of the harsh conditions of this treatment, which
can permanently damage the cells and potentially the eGFP-mRNA.
According to Wilk et al., electroporation has explicit off-target effects
on NK cell phenotype, and Napotnik et al. have previously reported that
electroporation, among others, can cause metabolic stress, and mem-
brane and genomic damage [28,56]. These findings can also explain the
differences in cell morphology of both electroporated KHYG-1 and
Jurkat cells in Figs. 5 and 6. Finally, electroporation is known to cause
partial precipitation of macromolecules like DNA and RNA after their
interaction with metal cations from the cuvettes [57]. This can
contribute to the reduction of mRNA availability and, thus, decreased
protein expression. This indicates that LNPs show better cytocompati-
bility, superior transection efficiency and higher eGFP expression when
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compared with electroporation and represents a promising tool for
clinical development of engineered NK cells.

3.2.4. Optimized LNPs efficiently transfect cord blood-derived NK cells

In order to understand the potential translational value of our opti-
mized eGFP-mRNA LNP formulation its efficacy was investigated in cord
blood-derived NK cells. As depicted in Fig. 7, LNPs were superior to
electroporation in terms of transfection efficiency, reaching 75%
compared to 57% for electroporation (Fig. 7A). As for toxicity, both
delivery technologies exhibited comparable high cell viability of 99.5%
(Fig. 7B). However, a notable difference was observed in the intensity of
eGFP expression, as shown in Fig. 7C, where the optimized LNPs
resulted in a 5-fold increase in gMFI in comparison to electroporation.

Furthermore, fluorescence microscopy images were acquired to
assess eGFP expression in the transfected NK cells. The images in Fig. 7D
clearly depict the superiority of LNPs in inducing a higher level of
protein expression, exhibiting a brighter signal compared to electropo-
ration. These findings suggest that the optimized LNPs are more efficient
in facilitating eGFP-mRNA delivery and subsequent protein expression
in ex vivo-derived NK cells.

3.2.5. Dose titration of the optimized mRNA-LNPs on the KHYG-1 NK cell
line

Meanwhile this paper was under revision, Nakamura et al. published
that a Fluc-mRNA-LNP formulation successfully transfected another NK
cell line, NK-92MI, in low doses ranging from 0.066 to 0.6 pg/mL. In
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Fig. 6. Fluorescence microscopy images of Jurkat cells 24 h after transfection with Lipofetcamine3000™ lipoplexes, electroporation of free mRNA and low dose the
optimized mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3 EtOH:aqueous volume ratio). Scale bar represents 300 pm.

addition, their findings suggest that NK-92MI viability is dose dependent
[58]. Given the high dose of 500 ng mRNA-LNPs per well that was used
for both optimization and evaluation of the transfection efficiency on
KHYG-1, Jurkat and primary NK cells, a dose titration was performed to
assess the mRNA delivery potential of the optimized LNPs (Lipid 5/
DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3
EtOH:aqueous volume ratio) in lower mRNA doses. For this purpose,
eGFP-mRNA-LNPs were formulated and tested in the KHYG-1 cell line at
varying mRNA doses ranging from 1.9 to 500 ng per well (2.5 x 10*
cells).

As shown in Fig. 8, the results reveal consistent high eGFP-mRNA
transfection efficiency across all doses, with values ranging from 89%
to 92%. Furthermore, cell viability remained constant at approximately
99% regardless of the mRNA dose. However, a notable trend was
observed in the gMFI, indicating a reduction as the dose decreased,
implying a diminishing level of cellular fluorescence. Specifically, the
highest gMFI value of 55 x 10° was reported with the higher dose of 500
ng and the lowest value of 1.5 x 10° with the lower dose of 1.9 ng.
Importantly, mRNA doses ranging from 15.6 to 250 ng per well, reached
similar gMFI ranging from 15 x 10° to 30 x 10°.

These findings suggest that while transfection efficiency and cell
viability are maintained at high levels across the tested dose range, the
mRNA dose is correlated with intracellular protein expression. In addi-
tion, doses lower than 500 ng showed great potential in both trans-
fection efficiency and gMFI. To prevent the high production costs a
standard dose lower than 500 ng mRNA per well will be considered in
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Fig. 7. Comparison of the optimized mRNA-LNPs with electroporation of free mRNA in cord blood-derived NK cells. A) Evaluation of transfection efficiency by flow
cytometry of cord blood-derived NK cells 24 h after transfection with the optimized mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min,
and 1:3 EtOH:aqueous volume ratio), and electroporation. Grey and purple bars represent the percentage of NK eGFP-positive cells after mRNA delivery with
electroporation and the optimized LNPs, respectively. B) Evaluation of cord blood-derived NK cells viability by flow cytometry 24 h after transfection with the
optimized mRNA-LNPs (Lipid 5/DSPC/B-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3 EtOH:aqueous volume ratio), and electroporation. Grey and
purple bars represent the percentage of NK cell viability after mRNA delivery with electroporation and the optimized LNPs, respectively. C) gMFI of eGFP expression
24 h after treatment of cord blood-derived NK cells with the optimized mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3
EtOH:aqueous volume ratio), and electroporation. Grey and purple bars represent the gMFI after mRNA delivery with electroporation and the optimized LNPs,
respectively. n = 2 technical replicates, *** = p < 0.001 and **** = p < 0.0001. D) Fluorescence microscopy images of cord blood-derived NK cells 24 h after
transfection with electroporation of free mRNA and 500 ng per well of the optimized mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/
min, and 1:3 EtOH:aqueous volume ratio). Scale bar represents 300 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Electroporation

as on mRNA integrity, have shifted the focus to synthetic nanoparticles
as transfection agents. In this study, we aimed to identify an mRNA
delivery technology for ex vivo engineering of NK cells. Therefore, we
compared polyplexes, LNPs, and electroporation for optimal eGFP-
mRNA delivery. We demonstrated that mRNA polyplexes resulted in
limited transfection efficiency and cellular uptake by NK cells.
Conversely, LNPs showed promising results with cord blood-derived NK,

our future studies.
4. Conclusions
Currently, the main technology to deliver mRNA to NK cells in

ongoing clinical trials is electroporation. However, drawbacks such as
impact on the morphology and phenotype of electroporated cells, as well
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Fig. 8. Dose titration of eGFP-mRNA-LNPs (Lipid 5/DSPC/p-sitosterol/DMG-PEG2K, N/P = 5, TFR = 9 mL/min, and 1:3 EtOH:aqueous volume ratio) on KHYG-1
cells. A) Evaluation of transfection efficiency by flow cytometry 24 h after treatment of KHYG-1 cells with mRNA-LNPs in different doses. B) Viability of KHYG-1 cells
24 h after treatment with mRNA-LNPs in different doses, measured by flow cytometry. C) gMFI of eGFP expression of KHYG-1 24 h after treatment with mRNA-LNPs

in different doses.

KHYG-1 and Jurkat cells. Specifically, when Lipid 5 was used as ioniz-
able lipid. LNP optimization revealed that N/P 5, cholesterol replace-
ment with f-sitosterol, a TFR of 9 mL/min, and a 1:3 (EtOH:aqueous)
volume ratio increased not only the number of eGFP-positive cells but
also the overall intracellular eGFP expression, within a broad range of
mRNA doses. When compared with electroporation, improvements were
observed in transfection efficiency, protein expression, and cell
morphology. Further investigation is needed to assess the functionality
of NK cells’ receptors after treatment with the mRNA-LNPs, but this
study shows the potential of LNPs for clinical development of novel NK
cell therapeutics.
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