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Chapter 5

Lipid nanoparticle-based mRNA candidates elicit potent T cell immune

responses

115



Abstract

The induction of a potent T cell response is essential for successful tumor immunotherapy and
protection against many infectious diseases. In the past few years, mRNA vaccines have emerged as
potent immune activators and inducers of a robust T cell immune response. The recent approval of
the Moderna and the Pfizer/BioNTech vaccines based on lipid nanoparticles (LNP) encapsulating
antigen-encoding mRNA has revolutionized the field of vaccines. The advantages of LNPs are their
ease of design and formulation resulting in potent, effective, and safe vaccines. However, there is still
plenty of room for improvement with respect to LNP efficacy, for instance, by optimizing the lipid
composition and tuning LNP for specific purposes. mRNA delivery is known to be strongly dependent
on the lipid composition of LNPs and the efficiency is mainly determined by the ionizable lipids.
Besides that, cholesterol and helper lipids also play important roles in mRNA transfection potency.
Here, a panel of LNP formulations was studied by keeping the ionizable lipids constant, replacing
cholesterol with B-sitosterol, and changing the fusogenic helper lipid DOPE content. We studied the
ability of this LNP library to induce antigen presentation and T cell proliferation to identify superior
LNP candidates eliciting potent T cell immune responses. We hypothesize that using 3-sitosterol and
increasing DOPE content would boost the mRNA transfection on immune cells and result in enhanced
immune responses. Transfection of immortal immune cell lines and bone marrow dendritic cells
(BMDCs) with LNPs was studied. Delivery of mRNA coding for the model antigen ovalbumin (OVA-
mRNA) to BMDCs with a number of LNP formulations, resulted in a high level of activation, as
evidenced by the upregulation of the co-stimulatory receptors (CD40 and CD86) and IL-12 in
BMDC:s. The enhancement of BMDC activation and T cell proliferation induced by the introduction
of B-sitosterol and fusogenic DOPE lipids were cell dependent. Four LNP formulations (C12-200-
cho-10%DOPE, C12-200-sito-10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE)
were identified that induced robust T cell proliferation and enhanced IFN-y, TNF-a, IL-2 expression.
These results demonstrate that T cell proliferation is strongly dependent on LNP composition and
promising LNP-mRNA vaccine formulations were identified.
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Introduction

Messenger RNA (mRNA) is an intermediate genetic carrier that is used by organisms as a
translational template; therefore, it can serve as a tool for protein expression by introducing
exogenous mRNA into target cells.! The recent coronavirus pandemic dramatically accelerated the
development of mRNA-based vaccines and also put a spotlight on other potential applications such
as cancer immunotherapy, infectious disease vaccination, protein replacement, gene editing, and
tissue engineering.>” This surging interest and development of mRNA as a vaccine is driven by the
following advantages: I) There is no potential infection or insertional mutagenesis risk as mRNA is a
non-infectious, non-integrating genetic carrier;® II) mRNA is degraded by physiological metabolic
pathways and the in vivo half-life can be tuned by the introduction of various chemical modifications
and the delivery method;" 7> ® III) in vitro transcription (IVT) enables rapid, inexpensive, and scalable
industrial manufacturing of mRNA.? Combined these advantages contribute to the great promise of
mRNA-based therapies for both infectious diseases and cancer.

Since mRNA is susceptible to degradation by nucleases in vivo, it needs to be protected from the
environment upon administration. Furthermore, mRNA is unable to transfect cells and a drug delivery
system is therefore required to overcome these problems. Thus, an ideal mRNA delivery system must
protect against endonucleases, avoid rapid renal clearance, and promote cell entry of the tissue of
interest.” '° Lipid nanoparticles (LNPs) are the most advanced non-viral nucleic acid vector and the
first RNA interference (RNAi) therapy, Onpattro, was approved in 2018 to treat hereditary
amyloidogenic transthyretin amyloidosis (hRATTRv).!! LNPs are typically composed of 4 types of
lipids: ionizable lipids, helper lipids, cholesterol, and PEGylated lipids. Each of these components is
required to obtain stable LNPs with control over mRNA encapsulation efficiency, particle size, charge,
and stability. Ionizable lipids are required to condense and protect the genetic cargo via electrostatic
interactions and their chemical structure plays a crucial role in the resulting transfection efficiency.
Helper lipids, cholesterol, and PEGylated lipids are required to control the LNP size as well as
colloidal stability, and to minimize protein absorption.'* '* The two LNP-based vaccines against
SARS-CoV-2 approved in 2020 are a milestone in mRNA-based therapeutics and accelerated the
development of LNPs as a facile drug delivery tool for any nucleic acid-based therapy.'* !> LNPs
have also been studied in cancer immunotherapy? '® 7 and vaccination against infectious diseases,
such as Zika virus,'® 1 powassan virus,?® HIV-1,2" 22 and influenza virus.?** In these studies, the
immune response was interrogated mainly as a function of mRNA dose, but there is still room for
improvement by optimizing the lipid composition of LNPs to achieve the desired cytotoxic T-cell
production to mediate successful immunotherapy against many viral diseases and tumors.

For instance, replacing cholesterol with its analog B-sitosterol was reported to enhance the mRNA
transfection efficiency.?® Onpattro uses the lipid MC3 as the ionizable lipid, which was the first
approved ionizable lipid for LNPs and showed effective gene silencing by delivering siRNA to
hepatocytes.!!"?” The two ionizable lipids, C12-200 and cKK-E12, were chosen for this study because
they demonstrated to be more efficient in delivering siRNA as compared to MC3 and were also able
to deliver mRNA, leading to potent immune responses in tumor immunotherapy.* 25-3° Helper lipids
like 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) can increase the fusogenicity of LNPs,
aiding endosomal escape and cytosolic translation.?! This is due to the fact that DOPE prefers to adopt
an inverted hexagonal phase, which is assumed to be fusogenic, thereby promoting endosomal escape
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resulting in enhanced transfection.?? %3

To evaluate the effect of lipid composition on mRNA delivery, translation into proteins, antigen-
presenting ability, and ultimately T-cell activation, we designed a library of LNPs by varying the lipid
composition. In this study, the amount of the ionizable lipids (C12-200 and cKK-E12) and PEGylated
lipid was kept constant, the replacement of cholesterol for B-sitosterol and different ratio of fusogenic
lipid DOPE were studied to optimize the mRNA delivery efficiency. All studied LNPs induced in
general high transfection of immortal cell lines regardless of the exact composition when
encapsulating mRNA encoding a green fluorescent protein (EGFP-mRNA). Bone marrow dendritic
cells (BMDCs) with a potent antigen-presenting capacity for stimulating naive, memory, and effector
T cells were employed to evaluate the immune responses. In this study, mRNA which codes for the
model immunology protein chicken ovalbumin (OVA-mRNA) was encapsulated in LNPs to activate
BMDCs and stimulate T cell proliferation. BMDCs were highly activated and T cells were strongly
proliferated after the internalization of OVA-mRNA-LNPs in a concentration-dependent manner
(Scheme 1). Based on robust T cell proliferation and cytokine expression measurements, we obtained
4 efficient LNP candidates for future in vivo studies towards the development of superior LNP-mRNA
formulation. This study provides evidence that the lipid composition optimization of LNPs is
beneficial for maximizing T cell immune responses.

1. LNP encapsulation of 2. LNP uptake and 3. Proliferation of T cells and
antigen-encoding mRNA BMDCs activation production of cytokines

CD40

LNP-mRNA Dendritic cells T cells cytokines

Scheme 1. Workflow to investigate the role of mRNA-LNP composition on T-cell activation and immune response.

Results

Design and characterization of LNPs

We previously showed that the silencing effect of siRNA using LNPs could be improved via tuning
the internal LNP structure of the hydrophobic core from lamellar to inverse hexagonal by replacing
DSPC with the fusogenic lipid DOPE in the LNP formulation, which is believed to be more fusogenic.
In this study 1,2-dioleoyl-3-dimethylammonium-propane (DODAP) was used as the ionizable lipid.
Inspired by this, we wondered whether mRNA transfection could also be enhanced by using other
ionizable lipids. In the current study, two highly efficient ionizable lipids were used: C12-200 and
cKK-E12. These ionizable lipids were efficient in siRNA delivery and the effective dose (ED50,
C12-200~0.01 mgkg, cKK-E12~0.002 mg/kg) was significantly lower than for MC3 (ED50~0.03
mgkg). They also induced strong cytotoxic CD8" T cell responses against B16F 10 melanoma tumors

118



after immunization with LNP containing OVA-mRNA, resulting in tumor shrinkage and extended
overall survival of the treated mice.> 2%3° In a recent study, the cholesterol analog B-sitosterol was
able to trigger enhanced mRNA transfection efficiency of LNPs in cancer cells compared to
cholesterol due to the enhanced fragility, originating from an altered surface composition and shape,®
and it was therefore included in our LNP library.

In this study, 10 LNP formulations were prepared, for which the ionizable lipids C12-200/cKK-E12
and the PEGylated lipid DMG-PEG2000 were kept constant at 50% and 1.5%, respectively. To study
the effect of DOPE, its content varied from 10 to 49 mol% by replacing cholesterol (or its variant)
(Fig. 1a-1b). All resulting LNPs had a comparable diameter (~120 nm) with a polydispersity index
(PDI) <0.20 as determined by dynamic light scattering (DLS), as well as a near-neutral surface charge
(Fig. 1¢-1d). mRNA encapsulation efficiencies were also comparable for all LNPs and typically >80%
(Fig. 1e). Thus, replacing cholesterol with B-sitosterol or increasing DOPE did not change the
physicochemical characteristics of the LNPs. The LNPs were stable for at least 1 month when stored
at 4°C (SI Fig.1a-d).
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Figure 1. Design and characterization of different LNPs. (a) Lipids used in this study. (b) Lipid composition of
LNPs. (¢) Sizes and polydispersity index of LNPs as determined by DLS. (d) Zeta potential of LNPs determined by
Laser Doppler Electrophoresis. (e) Encapsulation efficiency of OVA-mRNA in LNPs as determined by a Ribogreen
RNA assay.

Cell transfection efficiency
To study mRNA delivery and translation, EGFP-mRNA encoding for green fluorescent protein
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(GFP)was encapsulated in the LNPs and the transfection efficiency was compared as a function of
lipid composition in cervical carcinoma cells (HeLa) and Calu-3 cells.

Firstly, when comparing the transfection efficiency of different ionizable lipids, both C12-200 and
cKK-E12 induced enhanced mRNA transfection efficiency on HeLa and Calu-3 as compared to MC3
(SI Fig. 2a-b). This is not unexpected as MC3 was designed for siRNA delivery while the mRNA
delivery efficiency was less efficient.!’?” Maximum transfection of HeLa cells was obtained with an
EGFP-mRNA concentration of 0.5 pug/mL for all LNPs. In Calu-3 cells, the GFP expression of most
LNPs increased with increasing EGFP-mRNA concentrations. Next, the effect of replacing
cholesterol with B-sitosterol was studied. The introduction of the latter sterol significantly enhanced
GFP expression for LNPs with MC3 as the ionizable lipid in both cell lines. When cKK-E12 was
included in the LNPs, GFP expression was only enhanced in HeLa cells, while for C12-200-based
LNP formulations no enhancement was observed at all. Finally, we studied whether increasing
amounts of DOPE would enhance mRNA delivery and concomitant GFP expression. However, no
general trend could be deduced from changing the DOPE ratio in LNP. Thus, we only observed a
modest increase in transfection efficiency by replacing cholesterol with B-sitosterol.

Next, antigen-presenting cells (DC2.4) and macrophage cells (THP-1 and RAW264.7) were studied
to evaluate the LNP-mRNA transfection performance on immortal cells mediating immune
responses. Since LNPs with C12-200 and cKK-E12 as the ionizable lipids exhibited significantly
higher transfection than MC3 containing LNPs, we continued this study with C12-200 and cKK-E12
only. In general, LNPs containing cKK-E12 induced a higher GFP expression than LNPs with C12-
200 in three cell lines used (Fig. 2a-2¢). On the other hand, introduction of B-sitosterol increased the
transfection efficiency of the cKK-E12 LNPs in DC2.4 and RAW264.7, but not for C12-200 LNPs.
When cholesterol was replaced by increasing amounts of DOPE, no transfection enhancement was
observed for C12-200 LNPs. In contrast, enhanced transfection efficiency of cKK-E12 LNPs was
observed in all tested cell lines. However, transfection enhancement was observed in DC2.4, and
RAW264.7 cells when cKK-E12 LNPs contained B-sitosterol, but not in THP-1 cells (Fig. 2a-2c).
Confocal microscopy imaging was used to visualize GFP expression and concomitant strong
fluorescence intensity, and almost every cell produced strong and uniform GFP expression. In contrast,
transfection with the commercial mRNA transfection reagent lipofectamine message MAX
(lipofectamine) resulted in only a few fluorescent cells in the DC2.4 cell line (Fig. S3). In summary,
all LNPs with either C12-200 or cKK-E12 as the ionizable lipid induced efficient transfection on
immortal immune cell lines; however, the transfection efficiency enhancement by both the B-
sitosterol replacement and the fusogenic helper lipid DOPE ratio increase was dependent on the cell
line used.
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Figure 2. Transfection efficiency of LNPs after encapsulating EGFP-mRNA on immortal immune cell lines. The
GFP expression fluorescence intensity (GFP MFI) of LNPs within (a) DC2.4 cells, (b) THP-1 cells, and (c)
RAW264.7. Data are presented as mean + sd. Statistical significance was calculated by unpaired student t-test on 1
pg/mL. (¥*** P <0.0001, *** P <0.001, ** P<0.01, *, P <0.05, ns, no significant difference, n = 3)

BMDC transfection with EGFP-mRNA

As APC cell lines provided mixed results, we next investigated primary APCs. As the next step
towards both efficient intracellular antigen expression and subsequent immune cell activation to
generate a robust immune response, the transfection efficiency of EGFP-mRNA loaded LNPs in
BMDCs was investigated. Confocal microscopy imaging showed that all LNP formulations induced
effective intracellular mRNA delivery to BMDCs, and performed better than the commercial
transfection reagent Lipofectamine (Fig. 3a). B-Sitosterol boosted the transfection efficiency of the
LNPs with cKK-E12 as the ionizable lipids but not for C12-200 (Fig. 3b). Finally, replacing
cholesterol with DOPE did not enhance the GFP expression of either C12-200 and cKK-E12 LNPs
(Fig. 3b).
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Figure 3. Transfection efficiency of LNPs after encapsulating EGFP-mRNA on BMDC cells. (a) Confocal images
of the EGFP-mRNA transfection of LNPs on BMDC cells, EGFP-mRNA concentration was 0.5 pg/mL, incubated
24 h. Scale bar is 20 um. (b) The GFP positive percentages of LNPs by flow cytometry analysis on BMDC cells of

different EGFP-mRNA concentrations after 24 h incubation. Data are presented as mean = sd. Statistical significance
was calculated by unpaired student t-test on 1 ug/mL. (¥*** P < 0.0001, *** P <0.001, ** P <0.01, *, P <0.05,

ns, no significant difference, n = 3)

Activation of BMDCs

Effective mRNA vaccination demands both efficient intracellular expression and subsequent APC
activation to generate a robust immune response.'® The model antigen chicken ovalbumin protein has
been widely applied to evaluate the immune response, thus mRNA encoding ovalbumin (OVA-
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mRNA) formulated in the LNPs was employed to activate BMDCs. The activation of BMDCs results
in elevated expression of surface costimulatory molecules such as CD40, and CD86. To test APC
activation induced by LNPs, we treated naive BMDCs for 24 h with LNPs containing OVA-mRNA.
All LNPs managed to produce increased expression of CD40 and CD86 compared to nontreated
BMDC:s or incubated with free OVA-mRNA, which indicates successful BMDC activation (Fig. 4a-
4b). Both positive percentage and fluorescence intensity comparisons of CD40 and CD86 revealed
no significant differences between C12-200 LNP formulations. Furthermore, neither the introduction
of DOPE nor B-sitosterol at the expense of cholesterol boosted BMDC activation (Fig. 4a-4b, SI Fig.
4a-4b). For LNPs with cKK-E12, we observed that cKK-E12-cho-10%DOPE and cKK-E12-sito-
30%DOPE induced a stronger upregulation of CD40 and CD86 expression (SI Fig. 4a-4b).

The activation of dendritic cells often promotes inflammatory cytokine gene expression. We,
therefore, examined cytokine IL-12 (p70) expression in the supernatant of BMDCs. Interleukin-12
(IL-12) is a heterodimeric pro-inflammatory cytokine that regulates T helper 1 (Th1) and CD8" T-cell
responses, and is mainly produced by dendritic cells and phagocytes in response to pathogens during
infection.>* Compared to blank BMDCs and free OVA-mRNA, all LNPs mediated superior 1L-12
(p70) production (Fig. 4¢); however, no significant differences among the tested LNPs were observed..
The cell viability of BMDCs was determined to ensure that the LNPs were non-toxic at the
concentrations used. All LNP formulations showed no detectable cytotoxicity (cell viability > 60%),
even at a high concentration (1 pg/mL), revealing that these LNPs are indeed non-toxic (Fig. 4d).
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Figure 4. LNPs Transfection after encapsulating OVA-mRNA on BMDC cells. (a) BMDC activation was monitored
through CD40 cellular marker on BMDCs by the different concentrations of LNPs. (b) BMDCs activation was
monitored through CD86 cellular marker on BMDCs by the different concentrations of LNPs. (¢) Cytokine IL-12
(p70) expression from BMDCs’ supernatant. (d) Cell viability of BMDCs with different concentrations of LNPs,
dotted line represents 60% cell viability. Data are presented as mean + sd. Statistical significance was calculated by
unpaired student t-test on 0.25 pg/mL (a-b), 20 ng/mL (¢). (****, P <0.0001, *** P <0.001, **, P<0.01, *, P <
0.05, ns, no significant difference, n = 3)

CD8" T-cell expansion by LNPs and cytokine production

The goal of tumor and viral vaccination is to expand antigen-specific CD8" T cells through priming
by APCs, creating a large pool of cytotoxic effector T cells that migrate through the body to clear
tumors or infections.*’ Therefore, we evaluated OVA-specific T cell expansion induced by different
LNPs. BMDCs were incubated with LNPs for 4 h, followed by the addition of CD8" (OT-I) T-cells,
and the mixed cells were co-cultured for another 72 h.

All LNPs induced potent OT-I proliferation in a mRNA concentration-dependent manner, which was
significantly stronger than the blank and free OVA-mRNA groups (Fig. 5). T cell proliferation was
negligible in the lowest concentration (200 pg/mL), while it plateaued at ~90% with an OVA-mRNA
concentration of 20 ng/mL. Next, we investigated the proliferation differences of LNPs in the middle
mRNA concentration range. We observed that the C12-200-cho-10%DOPE, C12-200-sito-
10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE LNP formulations induced a
potent OT-I T cell stimulation with 1 ng/mL of OVA-mRNA. This indicates these four LNP
formulations are able to elicit a robust T cell proliferation even at low OVA-mRNA concentrations,
which could serve as efficient LNP candidates eliciting potent T cell responses.
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Figure 5. OT-I T cell expansion of LNPs with different OVA-mRNA concentrations. Triangle represents the four
leading LNP candidates that induced superior OT-I responses when compared at 1 ng/mL.

Cytokine production of T cell supernatant

When T cells divide and differentiate into effector T cells, cytokines like IFN-y, TNF-a, and cytotoxic
proteins such as granzymes and perforin are simultaneously induced in response to acute infection.*®
Proinflammatory cytokines, such as interleukin-2 (IL-2), are pivotal for the proliferation of T cells
and the generation of effector and memory cells.***** Activated CD8" T cells possess superior effector
functions when cultured in a high concentration of IL-2 compared to cells cultured in low
concentrations of this cytokine.*! Therefore, we quantified the expression of IL-2, IFN-y, and TNF-a
in OT-I cells in the culture supernatant 72 h after LNP stimulation using an ELISA assay (Fig. 6a-6c¢).
The cytokines were significantly upregulated after treating cells with LNPs as compared to non-
treated or free OVA-mRNA treated cells. Differences in cytokine production among the evaluated
LNPs were determined at two mRNA concentrations (5 and 20 ng/mL). Consistent with OT-I cell
proliferation data, replacing cholesterol with B-sitosterol did not boost the T cell response and
cytokine production for LNPs with C12-200. The increased molar ratio of fusogenic helper lipid
DOPE in C12-200 LNPs neither enhanced the T cell response nor cytokine IL-2 production. The
increased molar ratio of DOPE did not enhance the cytokine IL-2 production for cKK-E12 LNPs, and
it only showed some enhancement in cytokine IL-2 production at 30% DOPE but decreased at 49%
DOPE for cKK-E12 LNPs using B-sitosterol. On the other hand, for Thl cytokine (IFN-y) and
proinflammatory cytokines (TNF-a) production, we also observed that C12-200-cho-10%DOPE,
C12-200-sito-10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE LNP
formulations triggered higher IFN-y and TNF-a levels in the OT-I1 T cell supernatant. Taken together,
these results showed that four LNP formulations (i.e. C12-200-cho-10%DOPE, C12-200-sito-
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10%DOPE, cKK-E12-cho-10%DOPE and cKK-E12-sito-30%DOPE) induced a potent T cell
proliferation and concomitant inflammatory cytokine production.
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Figure 6. Cytokine production levels of (a) IL-2, (b) IFN-y, (¢) TNF-a in culture media of OT-I T cells by different
LNPs, measured by ELISA. Data are presented as mean + sd. Statistical significance was calculated by unpaired
student t-test on 20 ng/mL. (¥**** P <0.0001, *** P <0.001, **,P<0.01, *, P<0.05, ns, no significant difference,
n=23)

Conclusion

We investigated a small library of LNP formulations to deliver mRNA into BMDCs and evaluate T
cell activation towards the development of LNP-mRNA vaccine candidates. LNPs have been
validated as effective and well-tolerated on mRNA delivery and recognized as an exceptional mRNA
vaccine vector. Proper LNP vaccine candidate screening is essential to identify superior LNP
formulations that could boost robust T cell proliferation. It has been reported that replacing
cholesterol with B-sitosterol or fusogenic DOPE could enhance transfection efficiency. We discovered
that the introduction of B-sitosterol only exerted enhanced transfection in LNPs using MC3 as the
ionizable lipid, while exhibiting varied transfection efficiency effects on different cell lines when
C12-200 and cKK-E12 were used. Replacing cholesterol with DOPE resulted in mixed mRNA
transfection efficiencies in different cells. This may be due to the enhanced transfection efficiency
requiring different helper lipids ratios when using different ionizable lipids of LNPs, and also the
mechanism of mRNA release into cytoplasm seems to be cell type-dependent. We demonstrated that
the LNP-mRNA vaccine candidates can generate significant activation of BMDCs, robust T cell
proliferation, and enhanced cytokine production ex vivo. We identified four LNP formulations (C12-
200-cho-10%DOPE, C12-200-sito-10%DOPE, c¢KK-E12-cho-10%DOPE, and cKK-E12-sito-
30%DOPE) which exhibit efficient T cell expansion and cytokines production and these will be tested
in a future in vivo study towards the development of a cancer vaccine.
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Methods

Chemicals

All lipids, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-
PEG2K) were purchased from Avanti Polar Lipids, DLin-MC3-DMA was purchased from Biorbyt
company (Cambridge, England), Hoechst 33342, cholesterol and B-sitosterol was purchased from
Sigma-Aldrich. Triton™ X-100 was purchased from Acros Organics. QuantiT™ RiboGreen® RNA
reagent and rRNA standards were purchased from Life Technologies. Clean cap EGFP-mRNA (5moU)
and OVA-mRNA (5moU) were purchased from Trilink biotechnology. C12-200 and cKK-E12 lipids
were synthesized according to the literatures.”® ?° The following antibodies were used for flow
cytometry: anti-Thy1.2 PeCy7, anti-CD8 efluor450, anti-CD25 APC, Live/Dead stain and purchased
from BD Bioscience. CD4 and CD8 T-cell isolation kits were purchased from Miltenyi (Leiden,
Netherlands).

Cell culture

THP-1, RAW264.7, HeLa, Calu-3 cells were obtained from ATCC. DC2.4 is a murine dendritic cell
line kindly provided by Kenneth Rock, University of Massachusetts Medical School, Worcester, MA.
Cells were maintained either in DMEM or RPMI 1640 (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin antibiotic (Gibco). Cell
culture and all biological experiments were performed at 37 °C in 5% CO2 conditions in a cell culture
incubator.

6 to 8-week-old female mice (C57BL/6 mice were used to isolate BMDCs. Briefly, the femur and
tibia from mice hind legs were collected and bone marrow cells were flushed out with PBS using a
syringe. Cells were resuspended into RPMI1640 medium with 10% FBS, antibiotics, and B-
mercaptoethanol (55 pM, Gibco). Cells were grown with a supplement of recombinant murine
granulocyte-macrophage—colony-stimulating factor (GM-CSF) (20 ng/mL, Peprotech). The cell
culture medium was refreshed every other day.

Mouse experiments

C57BL/6, OT-I transgenic mice on a C57BL/6 background were purchased from Jackson Laboratory
(CA, USA), bred in-house under standard laboratory conditions, and provided with food and water
ad libitum. All animal experiments were performed in compliance with the Dutch government
guidelines and the Directive 2010/63/EU of the European Parliament. Experiments were approved by
the Ethics Committee for Animal Experiments of Leiden University.

LNP-mRNA preparation and characterization

Lipids were combined at the desired molar ratios and concentrations from stock solutions dissolved
in chloroform. Solvents were evaporated under a nitrogen flow and residual solvent was removed in
vacuo for at least 30 minutes. The lipid film was dissolved in absolute ethanol (total lipids was 0.4
umol) and used for the assembly. A solution of mRNA was made by diluting mRNA (EGFP-mRNA,
OVA-mRNA) in 50 mM citrate buffer (pH = 4, RNase free). The solutions were loaded into two
separate syringes and connected to a T-junction microfluidic mixer. The solutions were mixed in a
3:1 flow ratio of mRNA against lipids (1.5 mL/min for mRNA solution, 0.5 mL/min for lipids solution,
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lipids: mRNA (wt/wt) =40:1). After mixing, the solution was directly loaded in a 20 kDa MWCO
dialysis cassette (Slide-A-Lyzer™, Thermo Scientific) and dialyzed against 1 x PBS overnight. The
size and zeta potential of LNPs were measured using dynamic light scattering (DLS, Malvern) and
Zetasizer (Malvern). Long term stability of LNPs was assessed by measuring the hydrodynamic
radius using DLS for 1 month.

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

In vitro GFP protein expression of LNPs

Briefly, HeLa, and Calu-3, DC2.4, THP-1 and RAW264.7 cells were seeded in 96-well plates at a
density of 1x10* cells/well and cultured at 37 °C in 5% CO overnight. Then cells were transfected
with LNPs containing different concentrations of EGFP-mRNA overnight (0.1 pg/mL, 0.25 pg/mL,
0.5 pg/mL, 1 pg/mL). The expression of GFP protein was quantified by flow cytometry. Data analysis
was performed using the FlowJo Software version 7.6. For confocal microscopy, DC2.4 cells were
seeded on the 8-well confocal slide at a density of 5*10* cells/well and cultured overnight, then LNPs
were added and incubated overnight (1 pg/mL), after that Hoechst 33342 (5 uM) was added and
incubated for 1 h before confocal microscopy imaging (Leica TCS SP8 confocal laser scanning
microscope).

BMDC transfection

Bone marrow-derived dendritic cells (BMDCs) were isolated from murine tibia and femurs of
C57BL/6 mice. Bone marrow cells were stimulated for 10 days with 20 ng/mL GM-CSF in complete
IMDM (supplemented with 100 U/mL PenStrep, 2 mM glutaMAX and 10% FCS). After 10 days of
culture, 20,000 BMDCs were plated in 96-well plates (Greiner Bio-One B.V., Alphen aan den Rijn,
Netherlands) and different LNPs encapsulating EGFP-mRNA were added at varying concentrations
and incubated with BMDC overnight (0.25 pg/mL, 0.5 pg/mL, 1 pg/mL). Cells were analyzed by
flow cytometry (CytoFLEX S, Beckman Coulter, CA, USA). Data were analyzed by using FlowJo
software (Treestar, OR, USA). For confocal microscopy, BMDCs were seeded on the 8-well confocal
slide at a density of 5%10* cells/well and cultured overnight, then LNPs were added and incubated
overnight (0.5 pg/mL), then followed with confocal microscopy measurement (Leica TCS SPS8
confocal laser scanning microscope).

BMDC activation

Bone marrow-derived dendritic cells (BMDCs) were isolated and cultured described as above. After
10 days, different LNPs containing OVA-mRNA were added to the BMDC cells and incubated
overnight (2 ng/mL, 20 ng/mL, 0.25 pg/mL 0.5 pg/mL, 1 pg/mL). After 24 h of incubation, cells were
collected and followed immunostaining of CD40 and CD86 to quantify the expression by flow
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cytometry. Data analysis was performed using the FlowJo Software version 7.6. The supernatant was
collected for measuring the expression level of cytokine (IL12-p70) by ELISA.

EXx vivo T-cell expansion

Wild-type (WT) BMDCs were cultured as described above, after 10 days, the BMDCs (20,000 cells
per well) were exposed to the different LNP formulations with various concentrations (20 pg/mL, 200
pg/mL, 1 ng/mL, 2 ng/mL, 5 ng/mL, 20 ng/mL, 200 ng/mL). Meanwhile, spleens were removed from
OT-I mice and strained through a 70-um cell strainer to obtain a single-cell suspension. Erythrocytes
were lysed with Ammonium-Chloride-Potassium (ACK) lysis buffer (0.15M NH4Cl, ImM KHCO3,
0.1mM Na;EDTA; pH 7.3). CD8+ T cells were isolated using a CD8+ T cell isolation kit (Miltenyi
Biotec B.V., Leiden, Netherlands) according to the manufacturer's protocol. After 4 h of LNP
incubation, the BMDCs were centrifuged, the supernatant medium was removed, and replaced with
60,000 CD8" T-cells to obtain a number ratio of 3:1 CD8+ T cells:BMDCs. Co-cultures were cultured
for 72 h in complete RPMI 1640 medium supplemented with 2 mM glutamine, 10% FCS, 100 U/mL
penicillin/streptomycin, and 50 uM B-mercaptoethanol. After 72 h, the cell suspension was stained
for anti-Thy1.2 PeCy7, anti-CDS8 efluor450, anti-CD25 APC, Live/Dead stain indicating cell viability,
and then analyzed by flow cytometry (CytoFLEX S, Beckman Coulter, CA, USA). The supernatant
was collected for measuring the expression levels of cytokines by ELISA.

ELISA measurements of OT-1 T cell supernatant

Cytokines (IL-2, IFN-y, and TFN-a) from OT-I T cell supernatants were detected by individual
cytokine ELISA kits according to the manufacturer’s instructions (BD Biosciences). In brief, the
assay plate was coated with 50 pl/well of capture antibody (IL-2, IFN-y, and TFN-a, respectively) in
coating buffer, covered and incubated overnight at 4 °C. Next, the plate was washed (3x) with wash
buffer (PBS with 0.05% Tween-20) and blocked with 100 pl/well of assay diluent (PBS with 10%FCS)
and incubated for 1 hour at RT. The plate was washed (3x) with wash buffer and 50 uL/well (diluted)
samples/standard/blank was added incubated for 2 hours at RT. Next, the plate was washed (3x) with
wash buffer and 50 pL/well of the working detector (Detection AB + Sav-HRP reagent) was added
and incubated for another 1 hour at RT. After washing the plate (5X) with wash buffer, 50 pL/well
substrate solution was added and incubate for 15-30min at RT in the dark. Finally, 25 pl/well stop
solution was added and the absorbance at 450 nm was measured within 30 minutes.

Statistical analyses

Statistical analyses were performed with Prism 8 (GraphPad). Data were compared using unpaired
student t-test analysis. (**** P <0.0001, *** P <0.001, **, P <0.01, *, P <0.05, ns, no significant
difference, n = 3)
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Encapsulation efficiency changes of LNPs over 1 month.
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SI Figure 2. Transfection efficiency (mean fluorescence intensity, MFI) after encapsulating EGFP-mRNA within
(a) HeLa cells and (b) Calu-3 cells. Data are presented as mean + sd. Statistical significance was calculated by
unpaired student t-test on 0.5 pg/mL. (¥*** P <0.0001, *** P <0.001, ** P <0.01, *, P <0.05, ns, no significant
difference, n = 3)
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SI Figure 3. Confocal images of the EGFP-mRNA transfection of LNPs on DC2.4 cells (EGFP-mRNA, 1 pg/mL,
24 h). Scale bar is 20 pum.
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SI Figure 4. The mean fluorescence intensities (MFI) of cellular marker CD40 (a) and CD86 (b) after BMDCs
activation by the different concentrations of LNPs. Data are presented as mean + sd. Statistical significance was
calculated by unpaired student t-test on 0.25 pg/mL (a) and 0.5 pg/mL (b). (**** P <0.0001, *** P <0.001, **, P
<0.01, *, P <0.05, ns, no significant difference, n = 3)
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