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Abstract

Toll-like receptors (TLRs) and CD40-related signaling pathways represent critical bridges
between innate and adaptive immune responses. Here, an immunotherapy regimen that enables co-
stimulation of TLR7/8- and CD40-mediated pathways is developed. TLR7/8 agonist resiquimod
(R848) derived amino lipids, RAL1 and RALZ2, are synthesized and formulated into RAL-derived
lipid nanoparticles (RAL-LNPs). The RAL2-LNPs show efficient CD40 mRNA delivery to DCs
both in vitro (90.8 + 2.7%) and in vivo (61.3 £ 16.4%). When combined with agonistic anti-CD40
antibody, this approach can produce effective antitumor activities in mouse melanoma tumor
models, thereby suppressing tumor growth, prolonging mouse survival, and establishing antitumor
memory immunity. Overall, RAL2-LNPs provide a novel platform toward cancer immunotherapy
by integrating innate and adaptive immunity.
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Introduction

Cancer immunotherapy has emerged as a revolutionizing strategy to activate the host
immune system against cancer cells through numerous approaches, such as checkpoint
inhibitors,[1] cancer vaccines,[2] adoptive cellular therapy, 3] monoclonal antibodies,[ and
cytokine therapy.[®! Dendritic cells (DCs) are important members of the innate and adaptive
immunity. As immature DCs capture and process tumor-associated antigens (TAA) from the
tumor microenvironment, they mature and migrate to the spleen or lymph nodes for antigen
presentation to naive T cells.[®] However, a variety of tumor-associated factors affect the
normal myeloid cell differentiation process and block DC maturation, thereby becoming a
major obstacle to T cell priming.l”] To overcome this limitation, it is important to promote
the maturation process of DCs to ensure an appropriate immune response cascade.

Effective DC maturation can be induced via various pathways. For example, targeting toll-
like receptors (TLRs) has been shown to enhance DC maturation in mice and humans.[8:°]
The recognition of resiquimod (R848) by endosomal TLR7/8 innate immune sensor triggers
the production of pro-inflammatory cytokines and chemokines through the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB) and interferon regulatory factors
(IRFs). Consequently, activated DCs will increase the expression of major histocompatibility
(MHC) molecules and co-stimulatory molecules, which are necessary for T cell recognition
and activation.[10-12] Alternatively, agonistic CD40 ligation on matured DCs is also critical
in triggering adequate T-cell- and B-cell-mediated immune responses.[23] Agonistic anti-
CDA40 antibodies (Abs) activate CD40 pathway in vivo and effectively induce the production
of cytotoxic T lymphocytes (CTLs).[24] A synergistic effect exists when combining TLR
agonists with anti-CD40 Abs, leading to enhanced antigen-specific immune responses
through the production of pro-inflammatory cytokines and exponential expansion of antigen-
specific T cells.[15-18] |n particular, concomitant delivery of TLR7 and CD40 agonists has
been shown to stimulate a CD8* T cell response 10-20-fold greater than the use of either
agonist alone.[15]

Although anti-CD40 Abs have shown great antitumor potential, low CD40 expressions in
tumor-infiltrating DCs present a limiting factor in eliciting CTL immune responses.[*% In
vitro transcribed mRNA (IVT mRNA) resembles endogenous mRNA and holds prominent
prospect for inducing high levels of protein expression.[2021] |n order for IVT mRNA to
function, a safe and effective delivery system is required to protect the nucleotides from
degradation and allow efficient cellular uptake.[22-24] Among the various materials used
for mRNA delivery, lipid nanoparticles (LNPs) have undergone extensive investigation and
have successfully entered the clinic to combat the coronavirus disease 2019 (COVID-19).
[25.26] We hypothesize that the delivery of CD40 mRNAs through LNPs may be a
promising strategy to transiently express CD40 proteins in DCs. This can enhance the
immunotherapeutic effects of agonistic anti-CD40 antibody, thereby inducing heightened T
cell response and the development of immunological memory.

To combine the TLR and CD40 signaling pathways, we designed and synthesized R848-
derived amino lipids (RAL) and formulated them into lipid nanoparticles (RAL-LNPS)
for CD40 mRNA delivery to DCs. Subsequently, we injected anti-CD40 Abs to boost
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CDA40 activation on DCs and promote their maturation (Figure 1B). Our results showed
that RAL2-LNPs can effectively deliver CD40 mRNA to DCs both in vitro and in vivo,
thus significantly improving the tumor-specific immune response in mice. This study
demonstrates the potential of integrating the innate and adaptive immunity to boost the
antitumor response and develop sustained memory immunity.

Results

We first synthesized amino lipid 1 and 2 for mRNA delivery, each containing two tertiary
amino groups and three hydrophobic tails. The tertiary amino groups can be protonated

in an acidic environment, inducing electrostatic interactions with the negatively charged
phosphate groups in mRNA backbones and subsequent complication. While amino lipid 1
has linear hydrocarbon tails, amino lipid 2 has branched ester tails. Amino lipid 1 and 2
were then conjugated to the hydroxyl group on Tr-protected R848 through an ester linker
to give RAL1 and RAL2, respectively (Figure 2A; Figure S1, Supporting Information).
The esterification reaction was optimized by screening different coupling reagents, and
Yamaguchi esterification with toluene as the solvent was found to be the optimal condition
(Figure S2, Supporting Information).[27] The structures of RAL1 and RAL2 were confirmed
by IH NMR and high-resolution mass spectrometry (Supporting Information).

To investigate the mMRNA delivery capabilities, RAL1 and RAL2 were formulated together
with 1,2-dioleoyl-srglycero-3-phosphoethanolamine (DOPE), cholesterol (Chol), DMG-
PEGog0o into RAL-LNPs to deliver firefly luciferase (Luc) mRNA.[28:2%] The molar ratio
of lipid components for the RAL-LNP formulations was RAL:DOPE:Chol:DMG-PEGqqg
= 20:30:40:0.75, which was found as an appropriate molar ratio to produce robust LNP
formulations and afford high mRNA delivery to cells (Figure 1A).[2428] The RAL1
Luc-LNPs and RAL2 Luc-LNPs prepared by pipetting have a particle size ~115 nm
hydrodynamic diameter and polydispersity index (PDI) <0.2 (Figure S3A, Supporting
Information). In addition, both particles are positively charged ~20 mV, with a Luc mRNA
encapsulation efficiency (EE%) of ~87.30 + 0.68% and 80.34 + 2.69%, respectively
(Figure S3B, Supporting Information). Next, we treated JAWS Il cells, a DC cell line,
with RAL-Luc LNPs at the dosage of 50 ng Luc mRNA per well in 96-well plates. The
delivery efficiency of RAL2-LNPs was significantly higher than that of RAL1-LNPs and
Lipofectamine 3000 (Lipo3K) (Figure 2B).

Next, we sought to understand structural factors responsible for RAL2’s high mMRNA
delivery efficiency by calculating its packing parameter (P). The Pvalue derived from

the geometrical shape of a single lipid molecule can predict the type of its self-assembled
structure, which is a key factor governing its biological behavior and function.[3%1 Qur
calculation found that the Pvalue of RAL2 (P = 2.3) is much higher compared to that

of RAL1 (P=1.0) (Figure 2C,D). In general, large Pvalues (>1) that correspond to “a
small head with large tails” would lead to reversed hexagonal (H;, phase) or reversed
spherical nanostructures, and the formation of the Hy; phase could in turn induce the rupture
of endosomal membrane and the release of RNA payloads into the cytosol.[31:32] Taken
together, our computational results suggest that RAL?2 is likely to assemble into a H; phase
structure that could facilitate intracellular mRNA delivery, while RAL1 forms a planar
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bilayer structure that is more stable in an acidic environment.[3% Thus, RAL2 was selected
as a material for further characterizations and functional studies.

To investigate the efficiency of RAL2-LNPs in delivering CD40 mRNA to DCs, we treated
JAWS 1 cells with RAL2-LNPs encapsulating CD40 mRNA (RAL2 CD40-LNPs), and
quantified CD40 expression 24 h after treatment. We found that RAL2 CD40-LNPs induced
90.8 + 2.7% CD40 expression on the JAWS 11 cells, which was significantly higher than that
of the untreated and RAL2 Luc-LNPs control groups (Figure 3A). These results encouraged
us to further characterize the physicochemical properties and internalization mechanisms of
the RAL2 CD40-LNPs. The microfluidic device prepared RAL2 CD40-LNPs have a particle
size of 97.5 + 0.4 nm, which was slightly larger than that of free RAL2-LNPs (Figure

3B). In addition, RAL2 CD40-LNPs are positively charged ~16 mV, with an mRNA EE%
of 90.88 + 0.35% (Figure 3C). Cryogenic transmission electron microscopy (cryo-TEM)
image revealed the spherical morphology of RAL2 CD40-LNPs (Figure 3D). Internalization
mechanisms regarding the endocytic pathway and endosomal escape of RAL2-LNPs

were studied using Alexa-Fluor-647-labeled RNA. Endocytosis inhibitors 5-( A-Ethyl- -
isopropyl) amiloride (EIPA), chlorpromazine (CPZ), and methyl-S-cyclodextrin (MBCD)
inhibit the macropinocytosis, clathrin, and caveolae endocytic pathways, respectively. JAWS
Il cells were first incubated with each endocytosis inhibitor before adding the RAL2-LNPs
encapsulated with Alexa-Fluor-647-labeled RNA. We found that when incubated with
MpCD, the cellular uptake of RAL2-LNPs was significantly reduced by ~94%, indicating
that caveolae-mediated endocytosis is the main pathway for JAWS 11 cells to uptake RAL2-
LNPs (Figure 3E). The endosomal escape mechanism was examined using calcein, a cell-
permeant dye that is usually entrapped in the endosomes.[33] Cells were treated with calcein
alone or in combination with RAL2-LNPs. We observed diffused green-fluorescent calcein
in the cells treated with calcein and RAL2-LNPs, indicating the disruption of endosomal
membranes by the RAL2-LNPs. Subsequently, Alexa-Fluor-647-labeled RNA is released
from endosomes (Figure 3F).

To simulate the activation of DCs by RAL2-LNPs in vivo, we further studied the delivery
and immune-stimulatory responses of RAL2 CD40-LNPs in murine bone marrow-derived
DCs (BMDCs). As shown in Figure 4A, RAL2 CD40-LNPs significantly increased CD40
expression in BMDCs (64.3 = 0.3%), fivefold of that of PBS (12.7 £ 0.2%) and 1.5-fold of
RAL2-LNPs (38.6 + 0.3%). The increased CD40 expression in RAL2-LNPs treated group

is consistent with prior findings that R848 can induce the expression of CD40 in BMDCs.
[34-36] Then we examined DC activation after co-administration of RAL2 CD40-LNPs

with anti-CD40 antibodies (anti-CD40 Abs) by analyzing activation markers and cytokine
production in primary DCs. We show in Figure 4B that this co-administration approach
induced higher expression of DC activation markers, CD80, CD86, and MHC II. In addition,
compared to the control and anti-CD40 Abs group, cytokine production of IL-12 and TNF-a
in the primary DCs also significantly increased in the RAL2 CD40-LNPs + anti-CD40 Abs
group (Figure 4C). Collectively, these data demonstrate that anti-CD40 Abs could work in
synergy with RAL2 CD40-LNPs in triggering BMDC activation and maturation.

Next, we examined the function of R848 on both mRNA delivery and DC activation using
amino lipid 2 (AL2, RAL2 without R848 conjugation)-LNPs and RAL2-LNPs. While
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the size, PDI, and EE% are comparable between AL2 and RAL2-LNPs (Figure S4A,B,
Supporting Information), RAL2 Luc-LNPs were fourfold more effective for mRNA delivery
to JAWS 11 cells than AL2 Luc-LNPs (Figure S4C, Supporting Information). Furthermore,
we studied the activation functions of AL2 CD40-LNPs and RAL2 CD40-LNPs to BMDCs.
AL2 CD40-LNPs induced less CD80, CD86, and MHC |1 expression compared to RAL2
CDA40-LNPs. These data indicate the importance of R848 conjugation on RAL2 for mRNA
delivery and DC activation (Figure S4D, Supporting Information).

To assess the CD40 mRNA delivery efficacy of RAL2-LNPs in vivo, we intratumorally

(i.t.) injected RAL2 CD40-LNPs or PBS in a subcutaneous B16-F10 mouse tumor model.
The mice were euthanized 24 h after the injection, and tumors were harvested for further
analysis. CD40 expression was quantified by flow cytometry analysis in the major immune
cell populations, including CD4" T cells, CD8* T cells, DCs, and macrophages (gating
strategy shown in Figure S5, Supporting Information). We observed significantly enhanced
CD40 expression in DCs and CD8* T cells (Figure 5A). Specifically, CD40 expression on
DCs increased from 18.6 + 4.9% (PBS treated group) to 61.3 + 16.4% (RAL2 CD40-LNPs
treated group), suggesting that RAL2-LNPs act as efficient vehicles for the delivery of CD40
MRNA in vivo.

Given the efficient delivery of RAL2-LNPs to DCs both in vitro and in vivo, we tested the
antitumor effects of RAL2 CD40-LNPs in B16-F10 tumor-bearing mice. Mice were treated
every other day with i.t. injection of RAL2 CD40-LNPs containing 8 g CD40 mRNA,
followed by i.t. injection of 30 pg anti-CD40 Abs. A total of six treatments were conducted
(Figure 5B). Four groups (/7= 8-15) were included in the study: PBS, anti-CD40 Abs,
RAL2-LNPs + anti-CD40 Abs, and RAL2 CD40-LNPs + anti-CD40 Abs group. Tumor
growth was monitored every other day (Figure 5C,D). Compared to the other three groups,
RAL2 CD40-LNPs + anti-CD40 Abs treatment showed slower tumor progression (Figure
5C) and higher survival rate (Figure 5E), which indicates that both TLR7/8 stimulation and
increased CD40 expression is responsible for boosting the antitumor effect of anti-CD40
Abs. More importantly, this treatment resulted in a 70% complete tumor response. To study
the potential memory immunity, we rechallenged the cured mice with B16-F10 tumor on the
contralateral flank 2 weeks after no palpable tumors were observed. Compared to the naive
mice, the previously cured mice showed much slower tumor growth (Figure 5F), which
indicates the induction of memory immunity against B16-F10 melanoma tumor.

Last, we evaluated the therapeutic effects of RAL2 CD40-LNPs + anti-CD40 Abs in

the melanoma tumor model through systemic administration. RAL2 CD40-LNPs (30 ug
mMRNA) and 100 pg anti-CD40 Abs were administered to B16-F10 tumor-bearing mice
through intravenous (i.v.) and intraperitoneal (i.p.) injection respectively, for a total of
two treatments. As shown in Figure S6 (Supporting Information), this treatment regimen
significantly slowed tumor progression and prolonged mice survival compared to the PBS
group, suggesting that systemic administrations of this treatment regimen can also induce
strong antitumor activities.
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3. Discussion

DC-based immunotherapy is of growing attraction due to its unparalleled antigen
presentation capacity, low toxicity, and potential to modulate other immune cells.[6] A
number of DC-based cancer vaccines have been explored in clinical trials and revealed

great therapeutic potential in patients.[37] However, due to the impaired migration of DCs

to the lymph node and the transient activation state in the lymphoid tissues, subsequent
adaptive immunity cannot be induced in the clinic.[16] To address this limitation, a DC-based
immunotherapy that prolongs the activation state and antigen presentation abilities of DCs is
needed.

In this study, RAL1 and RAL2, two novel ionizable lipids, were synthesized and formulated
into RAL-LNPs with DOPE, Chol, and PEG-lipid. By comparing the in vitro Luc mRNA
delivery to JAWS I1 cells by these two formulations, we speculate that the structure of
amino lipid tails can affect mMRNA delivery capacity. RAL2 with the biodegradable branched
ester tails shows higher mRNA delivery efficiency compared to RAL1 with the linear
hydrocarbon tails (Figure 2E). The branched-tail structure in RAL2 could increase the
distance between lipids and facilitate the amine protonation process at endosomal pH,
thereby allowing efficient mMRNA escape from endosomes.[31:38] |n addition, the ester linkers
in RAL2 confers biocompatibility as they can be hydrolyzed into smaller fragments by
esterase and enables rapid in vivo lipid clearance in mice following LNP administration.
[39] Besides the chemical structures of RAL2, DOPE as a helper lipid is also critical for
RAL2-LNPs-mediated nucleic acid delivery. The incorporation of DOPE in the LNP not
only allows closer contact with the negatively charged phosphate groups of mMRNA, but

also improves the mRNA transfection efficiency as DOPE undergoes conformation change
that facilitate endosomal escape at low pH, from a flexible bilayer to an inverse hexagonal
structure.[39] We found that RAL2 Luc-LNPs without DOPE exhibited less uniformity in
particle size (Figure S7A, Supporting Information) and lower mRNA EE% (Figure S7B,
Supporting Information) compared to RAL2-LNPs with DOPE. Furthermore, the mRNA
delivery efficiency of RAL2-LNPs with DOPE was 120-fold higher than those without
DOPE in JAWS 1 cells (Figure S7C, Supporting Information), suggesting that DOPE is an
important component in the RAL2-LNP formulations.

To promote DC maturation via TLR and CD40 co-stimulation, RAL-LNPs were used

to deliver CD40 mRNA to DCs. After the RAL CD40-LNPs are taken up by the cells
through the caveolae-mediated endocytosis, R848 can interact with TLR7/8 located on

the endosome membrane and activate the TLR signaling pathway. On the other hand, the
CD40 mRNA is translated into CD40 protein and translocated onto the DC membrane,
agonistic anti-CD40 antibody is applied to allow further CD40 activation. Consistent with
previous studies, the TLR and CD40 signaling act synergistically to increase cytokine
production, DC maturation and MHC Il mediated antigen presentation.[16:40] We found that
co-stimulating the TLR7/8 and CD40 pathways demonstrated strong antitumor efficacy in
the highly aggressive B16-F10 melanoma mice tumor model, with attenuated tumor growth
and prolonged mice survival. One of the main tasks of cancer immunotherapy is to promote
strong tumor-antigen specific immune responses. Our study showed that the combination
therapy of RAL2 CD40-LNPs with anti-CD40 Abs not only induces anti-tumor immunity
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resulting in 70% complete tumor removal, but also inhibits the growth of the contralateral
tumor. However, this immunity is not strong enough to fully eliminate tumor metastasis
on the untreated side. Treatments in combination with small molecules, cytokines,[41]
and checkpoint inhibitors[4243] have been exploited to enhance CD40-mediated memory
immunity, which could be a complementary strategy that merits further investigations.

Together, our results show that lipidized R848-based LNPs can serve as an effective

delivery platform for CD40 mRNA. In addition, dual activation of TLR7/8 and CD40
signaling pathways initiates protective memory immunity and achieves optimal antitumor
efficacy in melanoma tumor-bearing mice. We believe that with further optimization of
dosage and timing, the combination of CD40 and R848 described in this work will show
great promise in future clinical studies. Importantly, the coordinated stimulation of innate
and adaptive signaling pathways chosen in this study only represents one of the many
possible combinations. Thus, combining novel MRNA delivery platform with a wide array
of immunomodulatory molecules represents a general approach toward novel antitumor drug
discovery.

4. Experimental Section

Materials, Reagents, and Cells:

All chemicals and solvents were purchased from Sigma—Aldrich (St. Louis, MO, USA)
unless otherwise listed. Resiquimod (R848) (InvivoGen, Cat: tlrl-r848). DOPE (Avanti Polar
Lipids Inc, Cat: 850275P). DMG-PEG2000 (NOF America Corporation). JAWS II (ATCC
CRL11904) cells were purchased from ATCC (Manassas, VA, USA), and cultured in a-
MEM culture medium (Thermo Fisher, Cat: 12571063) containing 20% fetal bovine serum
(Invitrogen), 2 x 103 m L-Glutamine (Thermo Fisher, Cat: 25 030 081), 1 x 1073 m sodium
pyruvate, and 5 ng mL~1 murine GM-CSF (Sigma-Aldrich, Cat: GF026). B16-F10 cells
were kind gifts from Dr. Jianhua Yu and cultured in Dulbecco’s modified Eagle medium
(DMEM) culture medium containing 10% fetal bovine serum. Antibodies used for in vivo:
InVivoPlus anti-mouse CD40 monoclonal antibody (BioXCell, Cat: BP0016-2). Antibodies
used for FACS: anti-CD45 APC (30-F11) (Thermo Fisher, Cat: 17-0451-82), anti-CD3 PE
(145-2C11) (BD Pharmingen, Cat: 553 063), anti-CD4 Pacific Blue (RM4-5) (Thermo
Fisher Cat: MCDO0428), anti-CD8 APC-efluor 780 (53-4.7) (Thermo Fisher, Cat: 47—
0081-82), anti-CD19 Alexa-Fluor 700 (eBio1D3(1D3)) (Thermo Fisher, Cat: 56-0193-82),
anti-CD11b Pacific Blue (M1/70.15) (Thermo Fisher, Cat: RM2828), anti-F4/80 PE-eFluor
610 (BM8) (Thermo Fisher, Cat: 61-4801-82), anti-CD11c PE-Cyanine7 (N418) (Thermo
Fisher, Cat: 25-0114-82), anti-CD40 FITC (HM40-3) (Thermo Fisher, Cat: 11-0402-82),
anti-CD80 FITC (B7-1) (Thermo Fisher, Cat: 11-0801-81), anti-CD86 PE (B7-2) (Thermo
Fisher, Cat: 12-0862-81), anti-CD86 FITC (B7-2) (Thermo Fisher, Cat: 11-0862-81), and
anti-MHC 1l APC (AF6-120.1) (Thermo Fisher, Cat: 17-5320-80). Antibodies used for
ELISA: rat anti-mouse IL-12 p70 (C17-8) (Thermo Fisher, Cat: MM121), and rat anti-
mouse TNFa (1F3F3D4) (Thermo Fisher, Cat: 14-7325-81), all primers were ordered from
Eurofins Genomics.
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CD40 mRNA Preparation:

Experimental details for mRNA sequences can be found in the Supporting Information.

The cDNA sequence encoding CD40 amino acids was obtained from Ensembl (Reference
sequence: ENSMUST00000017799). Linearized dsDNA sequence was ordered from IDT
and incorporate into pUC19 vector through Hifi assembly using NEBuilder HiFi DNA
Assembly purchased from NEB (Ipswich, MA, USA). The correct plasmid was identified by
Sanger sequencing and an 867 bp long genomic DNA template was amplified by polymerase
chain reaction (PCR). In vitro transcription of uncapped CD40 mRNA was synthesized
using AmpliScribe T7-Flash Transcription Kit purchased from Lucigen (Middleton, WI,
USA). Cap structure was added using the Vaccinia Capping System and Cap 2’-O-
Methyltransferase system, both purchased from NEB (Ipswich, MA, USA). All mRNAs
were purified with RNA Clean & Concentrator-25 purchased from Zymo Research (Irvine,
CA, USA).

Nanoparticle Formulation Characterization:

mRNA-encapsulated LNPs were formulated with RALs and helper lipids 2-dioleoyl-
srglycero-3-phosphoethanolamine (DOPE), Chol, and 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEGyqq) at a molar ratio of 20/30/40/0.75. All
lipid materials were dissolved to the desired concentration in ethanol, and mRNA in

citrate buffer. In vitro mRNA encapsulated LNPs were prepared by pipetting, and in

vivo mRNA encapsulated LNPs were prepared by the Precision NanoSystems microfluidic
device (Vancouver, BC, Canada).[3344-471 For in vitro studies, the newly prepared mRNA
encapsulated LNPs were immediately added to the cells; For in vivo studies, the

MRNA encapsulated LNPs were dialyzed in PBS buffer for 80 min using Slide-A-Lyzer
Dialysis Cassettes purchased from Life Technologies (Grand Island, NY, USA) before
administration. The particle size and zeta potential of RAL2-LNPs were determined using
Malvern Zetasizer NanoZS (Malvern, UK). The mRNA encapsulation efficacy (EE%) of the
mRNA NPs were determined by Ribogreen Assay as previously described.[28]

Packing Parameter (P) Calculation:

The dimensionless packing parameter P of an amphiphilic molecule was derived from

its molecular volume (), head area (&), and tail length (/) as P= v/(/a). 2D structures

of both RAL1 and RAL2 molecules were converted to 3D coordinates using OpenBabel.
[48] The generated 3D structures were optimized with the MMFF94 force field[4%] using
Avogadrol49:50] To generate more physically relevant conformations, all-atom molecular
dynamics (MD) simulation was performed on a planar bilayer membrane model containing
both RAL1 and RAL2 using NAMD 2.13.[51] The membrane model consists of 200

lipid molecules, 4 RAL1 and 4 RAL2. To accelerate conformational sampling, the highly
mobile membrane mimetic (HMMM) model with short-tailed phospholipids and an organic
solvent membrane core was used to represent the lipid bilayer.[52] The bilayer model was
assembled with the CHARMM-GUI HMMM Builder.[53] The CHARMMS36 lipid force
field was used for lipids,[>4! and the force field parameters for RAL1 and RAL2 were
derived using SwissParam[®5] The system was first energy-minimized using the conjugate
gradient algorithm for 2000 steps, followed by heating to 300 K within 5 ns using a 1
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fs time step in the constant particle number, pressure, and temperature (NPT) ensemble
with a semi-isotropic pressure coupling that allows the zaxis to expand and contract
independently from the x-y plane. This was followed by 100 ns of simulation with a 2

fs time step. Langevin dynamics 561 was used to control the temperature at 300 K with a
damping coefficient of 2 ps~1, and the Langevin piston method 371 to keep the pressure at
1 atm. Long-range electrostatic interactions were calculated using the Particle-Mesh Ewald
summation with a cut off at 12 A.[58] \ian der Waals (vdW) interactions were truncated via
a force-based switching function with a switching distance of 8 A and a cutoff distance of
12 A. Bonds to hydrogen atoms were constrained using the SHAKE algorithm.[% RAL1
and RAL2 conformers were collected every 10 ps from the last 10 ns MD trajectory,
resulting in 4000 conformers for each molecule. These conformers were clustered with

a 1.0 A root-mean-square-deviation (RMSD) cutoff. The conformer corresponding to the
center of the most populated cluster was selected for subsequent 2 value calculation. For
each RAL1/RALZ2 structure, @ was measured as the cross-section area of the resiquimod
group, and /was measured as the distance between the center of mass (COM) of the ester
linker and the three terminal methyl groups. The vdW volume was calculated using an
approximate method termed Atomic and Bond Contributions of vdW volume (VABC) as
Viaw = Zall-atom-contributions — 9-92/MVg — 14.7 R — 3.8 Rnr, Where Ajg is the number of
bonds, R is the number of aromatic rings, and Rya is the number of nonaromatic rings.[6%]

In Vitro Delivery of CD40 mRNA to DCs:

To test the delivery of CD40 mRNA to JAWS Il cells, FITC-labeled anti-CD40 monoclonal
antibody was used to detect cell CD40 expression levels by flow cytometry. Briefly, 1 x 10°
JAWS |1 cells were plated in a 24-well plate and incubated at 37 °C in 5% CO, incubator
for 24 h. Then cells were treated with RAL2-LNPs containing 300 ng Pseudouridine

(w) modified mRNAs for 18 h. Afterward, the cells were washed and incubated with
FITC-labeled anti-CD40 monoclonal antibody (clone HM40-3, 1:70 dilution) in cold PBS
containing 1% FBS for 30 min at 4 °C. The cellular uptake was then analyzed on a BD LSR
Fortessa or BD LSR 11 flow cytometer. To study the endocytic pathway of the RAL2-LNPs,
cells were treated with different endocytosis inhibitors 30 min before adding RAL2-LNPs
containing Firefly Luc mRNA and Alexa-Fluor-647-labeled RNA at a 1:1 weight ratio. After
3 h of co-incubation, the cellular uptake was analyzed on a BD LSR Fortessa or BD LSR 11
flow cytometer.

Endosome Escape:

A total of 3 x 10* JAWS 11 cells in 300 ul medium were plated in an imaging dish (Ibidi)
and incubated at 37 °C in 5% CO, incubator for 24 h. Calcein (final concentration 150

g mL~1) was added to the cells alone or in combination with RAL2-LNPs containing
Firefly Luc mRNA and Alexa-Fluor-647-labeled RNA at a 1:1 weight ratio. After 2 h of
co-incubation, the cells were imaged using Nikon A1R Live Cell confocal laser scanning
microscope (Melville, NY, USA) and the acquired images were analyzed with NIS-Elements
AR (Version 5.20.00.)
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Isolation of Monocytes from Murine Bone Marrow and Induction of Bone-Marrow-Derived
DCs (BMDCs):

C57BL/6J mice were euthanized and the tibias and femurs were removed under sterile
conditions. Monocytes were then isolated from the bone marrow cell suspension, suspended
in RPMI-1640 medium supplemented with 1% Pen-Strep, 10% FBS, 50 ng mI~1 GM-CSF,
and 50 ng mL~1 IL-4, and incubated at 37 °C in 5% CO, incubator for 8 days to generate
immature DCs. The immature DCs were then isolated using CD11c MicroBeads UltraPure,
mouse kit (Miltenyi Biotec, Cat: 130-108-338) following the manufacturer’s instructions.
0.8 x 10% immature BMDCs were seeded in a 6-well plate in 1.6 mL RPMI-1640 medium
supplemented with 25 ng mL~1 GM-CSF, 25 ng mL1 IL4 for 24 h before treatment.

For treatment, 125 pL of formulated RAL2 and RAL2-CD40 LNPs (RAL2-CD40 mRNA
concentration: 0.01 mg mL™1) to each well and cultured for 12 h before adding anti-mouse
CD40 monoclonal antibody (BioXCell, Cat: BP0016-2). The cells were cultured for an
additional 12 h and stained with fluorescent labeled anti-CD40 antibodies or fluorescent
labeled DC activation markers (CD80, CD86, MHCII) for 30 min at 4 °C before flow
cytometry. 1L-12 and TNF-a cytokine production were detected by ELISA.

Flow Cytometry Analysis of TIL Cell Populations:

Female C57BL/6J mice were subcutaneously (s.c.) inoculated with 1 x 10° B16-F10 cells
in the right flank and were i.t. injected with PBS/RAL2-LNPs (containing 20 ug mRNA)
after the tumor volumes reached 150 mm3. Mice were euthanized after 18 h and the tumors
were harvested. A Tumor Dissociation Kit purchased from MACS (San Diego, CA, USA)
was used to dissociate the tumor tissue into suspension cells. Peripheral blood stem cells
(PBSCs) were isolated by gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare
Life Sciences, PA, USA). For T cell, APC cell, and B cell tetramer staining, 2 x 10° cells
from tumor digests or purified lymphocytes were stained with corresponding antibodies for
30 min at 4 °C. The following fluorochrome-conjugate anti-mouse mAbs were used for
flow cytometry: CD45-APC, CD3-PE, CD4-Pacific blue, CD8- APC-780, CD11b-Pacific
blue, CD11c-PE-Cy7, F4/80-APC-Cy7, CD19-Alexa-Fluor 700, and anti-CD40-FITC. All
antibodies were purchased from Invitrogen.

In Vivo Antitumor Efficacy of CD40 mRNA NPs:

All animal experiments were carried out under the guidelines for Care and Use of
Laboratory Animals and were approved by IACUC of The Ohio State University (approval
ID: 2014A00000106-R2). Female C57BL/6J mice were s.c. inoculated with 1 x 10° B16-
F10 cells in the right flank. Tumor size was monitored using a digital caliper every 2 days
and calculated as the volume (length x width x width/2). For local administrations, mice
were treated every other day for a total of six treatments: i.t. injection of 50 pl RAL2-

or RAL2 CD40-LNPs (RAL2-CD40 mRNA concentration: 0.2 mg ml~2) followed by 30
ug anti-CD40 antibody (FGK4.5) dissolved in PBS 6 h later. After tumors were no longer
palpable, mice were rested for 2 weeks before re-challenged with the same tumor line on the
opposite flank. For systematic administrations, mice were treated with 150 uL RAL2-CD40
LNPs (RAL2-CD40 mRNA concentration: 0.2 mg ml~1) through i.v. injection and 100 pg
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anti-CDA40 antibody through i.p. injection. Tumor sizes were measured every other day. The
mice were euthanized when the tumor diameter exceeded 1.5 cm.

Statistical Analysis:

No collected experimental data were excluded for the quantitative analysis. Number of
repeated times in each group and definition of error bars were described in the figure

legend. Statistical significance was calculated using unpaired, two-tailed Student’s #tests
(two groups) or one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison
test (multiple groups). Tumor volumes were analyzed using two-way ANOVA with repeated
measurements, and survival curves were analyzed using the log-rank test. The Pvalues were
shown in the figures and specific statistical methods were described in the figure legends.
*p<0.05, **p<0.01, ***p<0.001, and ****p < 0.0001 were considered statistically
significant. Statistical analyses were conducted on GraphPad Prism 8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Construction of RAL-LNPs for mRNA delivery in dendritic cells (DCs). A) Illustration

of RAL-LNPs components and formulation methods. B) Schematic illustration of RAL
CD40-LNPs induced DC maturation. The RAL-LNP delivers CD40 mRNA to DCs, where
the CD40 protein is produced in the cytoplasm and translocated onto the cell membrane.
Agonistic anti-CD40 Abs activate CD40 expressed on the surface of DCs to induce

subsequent antitumor immunity.
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Figure 2.

Structure and characterization of RAL-LNPs. A) The synthetic routes to RAL1 and RAL2.
B) Delivery of Luc mRNA in JAWS Il cells. Data in D are presented as the mean + standard
deviation (S.D.) (7= 3). C) Structural illustration of RAL1 and RAL2. D) Critical packing
parameters calculated for RAL1 and RAL2 structures sampled from molecular dynamics
simulation. Statistical significance in (B) was analyzed by one-way ANOVA with Dunnett’s
multiple comparison test. ****p < 0.0001.
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RAL2-CD40-LNP-mediated mRNA delivery in vitro. A) RAL2-LNPs-mediated CD40
mMRNA delivery in JAWS I cells. B) Size and PDI of RAL2-LNPs carrying CD40 mRNAs
prepared by microfluidic device. C) Encapsulation efficiency and zeta potential of RAL2-
LNPs carrying CD40 mRNAs. D) Cryo-TEM image of RAL2 CD40-LNPs (scale bar = 50
nm). E) Cellular uptake of RAL2-LNPs encapsulating Alexa-Fluor-647-labeled RNASs in the
presence of endocytosis inhibitors, EIPA, CPZ, and MBCD. F) Confocal images of JAWS II
cells incubated with calcein alone or with RAL2-LNPs (scale bar = 25 um). Data in (A), (B),
and (E) are presented as the mean + S.D. (n = 3). Statistical significance in (A) and (E) was
analyzed by one-way ANOVA with Dunnett’s multiple comparison test. ****p < 0.0001.
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Delivery of CD40 mRNA by RAL2-LNPs mediates DC maturation and cytokine production
in BMDCs ex vivo. A) RAL2 and RAL2-CD40 LNPs induced CD40 expression in BMDCs.
B) Expression of DC activation markers, CD80, CD86, and MHC Il on BMDCs treated
with PBS, anti-CD40 Abs, RAL2 CD40-LNPs, or RAL2 CD40-LNPs + anti-CD40 Abs. C)
Cytokine production of TNF-a and IL-15 from BMDCs ex vivo. Data in (A), (B), and (C)
are presented as the mean = S.D. (n= 3). Statistical significance in (A), (B), and (C) was
analyzed by one-way ANOVA with Dunnett’s multiple comparison test. ns, not significant;
**p<0.01; ***p<0.001; and ****p < 0.0001; ns, not significant.
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Figure5.
Delivery of CD40 mRNA by RAL2-LNPs inhibits B16-F10 melanoma tumor growth and

induces memory immunity in mice. A) CD40 expression on the surface of dendritic cells
after i.t. injection of RAL2 CD40-LNPs in subcutaneous B16-F10 tumors (7= 3,4). B)
Schematic illustration of the treatment regimen in B16-F10 mouse tumor model via RAL2-
LNPs delivering CD40 mRNA followed by the injection of agonistic anti-CD40 Abs (e.g.,
RAL2 CD40-LNPs + anti-CD40 Abs). C) Tumor volumes after six i.t. doses of PBS,
anti-CD40 Abs (30 pg per mouse), RAL2-LNPs + anti-CD40 Abs, or RAL2 CD40-LNPs
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(10 pg mMRNA per mouse) + anti-CD40 Abs. D) Tumor volumes of individual mice (n7=
8-15) after tumor inoculation. E) Percentage survival after the initial tumor implantation on
day 0 (n=8-15). F) Tumor size of untreated B16-F10 tumors after tumor rechallenge on the
opposite flank in cured mice on day 40 (n=11). Data in (A), (C), and (F) are presented as
the mean + standard error of the mean (S.E.M.). Statistical significance in (A) was analyzed
by unpaired two-tailed Students’ #test. Statistical significance in (C) and (F) was analyzed
by two-way ANOVA. Statistical significance in (E) was analyzed by the log-rank (Mantel-
Cox) test. **p < 0.01; ****p < 0.0001; ns, not significant.
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