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Chutamath Sittplangkoon : mRNA VACCINE ENCODING NEOANTIGEN FOR CANCER IMMUNOTHERAPY USING MOUSE MELANOMA AS A
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Cancer is the leading cause of death globally with an urgent need to find more effective approaches for prevention and
treatment. mRNA vaccine is a promising vaccine platform over conventional vaccines in terms of safety, ease of large-scale production and
effectiveness in inducing both cellular and humoral immune responses. Breakthrough in mRNA technology allowed novel strategies to
improve mRNA stability and efficacy including nucleoside modifications. Modification of mRNA with N1-methylpseudouridine (m1W) was
reported to enhance protein expression and decrease innate immunogenicity due to low binding affinity to pattern recognition receptors,
and low type | interferon (IFN-I) secretion. Therefore, this study aimed to evaluate the immunogenicity and anti-tumor responses of
different degrees of m1W replacement in mRNA vaccine following intramuscular administration in B16 melnamoma mouse model.
Moreover, non-dominant neoantigens, fusion of Pbk and Actn4 somatic mutations of B16F10 tumor were selected for investigation as
neoantigens in mMRNA vaccine. First, the translation efficiency of mRNA vaccines depended on the degree of nucleoside modification and
inversely correlated with induction of IFN-I secretion and antigen-presenting cell maturation. Immunization of ovalbumin encoding mRNA
formulated in lipid nanoparticles (LNPs) (OVA-LNP) with unmodified nucleosides stimulated both Th1l and Th2 responses, whereas
modified mRNA induced mainly Th1 response. Both conditions however equally activated OVA-specific cytotoxic effector T cells. Second,
unmodified mRNA OVA-LNP showed potent antitumor efficacy and lung metastasis inhibition, accompanied by a significant increase in the
influx of mature migratory cDC1 to the tumor. In addition, while both unmodified and modified mRNA showed a significant expansion of
OVA-specific splenic CD8 effector T cells, modified mRNA showed a significant increase in PD-1* CD8" T cells. Third, the role of IFN-I
signaling in anti-tumor response induced by mRNA vaccine administration was investigated by IFN-I receptor blockade. Intact IFN-I signaling
resulted in a significant tumor growth suppression and increase in OVA specific IFN-Y-producing T cells with decreased PD-1 expression and
less tumor-infiltrating M2-like macrophages. Lastly, LNPs containing neoantigens (Pbk-Actn4) encoding mRNA was immunogenic especially
in unmodified MRNA. This neoantigen mRNA-LNP effectively controlled B16F10 tumor growth. Taken together, this study showed that
intramuscular administration of unmodified nucleoside mRNA vaccine exhibits higher therapeutic antitumor effects in type | IFN-
dependent manner. Presently, lipid nanoparticles (LNPs) are often used as nucleic acid carriers due to greater payload and design
flexibility. It facilitates rapid uptake and mRNA escapes to the cytoplasm. In this study, we formulated two different formulas of LNPs and
complexed with plasmid DNA (pDNA) at varied N/P ratio (1:1, 1:3, 1:5, 1:7, 1:9, 3:1, 5:1, 7:1, 9:1). The first formula LNP consisted of cationic
lipid, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and helper lipid, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) at 1:1
mole ratio. The second formula LNP consisted of DOTAP, DOPE and Lipid-anchored polyethyleneglycol at 50:49.25:0.75 mole ratio. The
LNP composition and the N/P ratio had an effect on particle size and charge. Both formulas showed non-toxic effects on RAW264.7 cell

line and facilitated antigen transfection and protein translation in RAW264.7 cell line.

Field of Study: Biotechnology Student's Signature ..........ccceeeeeevneees

Academic Year: 2021 Advisor's Signature .........coconeeeeeeene



ACKNOWLEDGEMENTS

First and foremost, | would like to express my deepest gratitude to my
supervisor, Professor Dr. Tanapat Palaga for his continuous support, invaluable advice
and guidance during my PhD study. Additionally, | would like to express my sincere
gratitude to Professor Dr. Drew Weissman at Perelman School of Medicine, University of
Pennsylvania, United States for his supervision and helpful suggestion and giving me a
precious opportunity to spend time and perform scientific work in his lab. | would also
like to offer my special thanks to Dr. Mohamad Gabriel Alameh for his treasured help
and technical support on my study. Their vast scientific expertise and experience have
encouraged me to overcome obstacles during my academic research. Furthermore, |
would like to express my appreciation to Professor Dr. Supason Wanichwecharungruang
and Miss Titiporn Sansureerungsikul for their contributions in technical support and
suggestion on lipid formulation part.

Secondly, I am deeply grateful to financial support from Science Achievement
Scholarship of Thailand (SAST), Chulalongkorn Academic Advancement into Its 2nd
Century Project on Cancer Immunotherapy, and the 90th Anniversary of Chulalongkorn
University Scholarship.

Lastly, | would like to thank all the members in the Palaga’s lab and
Weissman’s lab. It is their kind help and support that have made my study and life in
Thailand and the USA a wonderful time. Moreover, | would like to express my gratitude
to my parents, and my sister. Without their unwavering support, understanding and
belief in me in the past few years, it would be impossible for me to complete my

study.

Chutamath Sittplangkoon



TABLE OF CONTENTS

ABSTRACT (THAI 1ottt iii
ABSTRACT (ENGLISH) 1. iv
ACKNOWLEDGEMENTS ..ottt v
TABLE OF CONTENTS L.ttt vi
LIST OF FIGURES ...ttt bttt X
LIST OF TABLES ..o oeusaini oo S5 Soromcigiinmmss s oo sesesesesesesenessseeeneesesesesesesenesessasas Xii
LIST OF ABBREVIATIONS ...ttt Xiii
CHAPTER | BACKGROUND ...ttt ittt senes 1
CHAPTER I LITERATURE REVIEWS ... 6
2.1 Cancer and anti-Cancer IMMUNILY ...o.ooiioieieeeec e 6
2.2 Antigen-presenting CellS (APCS) ..ot 8
2.2.1 MACTOPN@GES. ..ttt ettt sttt et b sttt ettt ettt s s s e sesesenens 8

2.2.2 DendritiC CEUS (DCS) ...vuuriiriiiireiiiirie sttt 10

2.3 Type Linterferons (IFEN-1) . et 12
2.0 NEOBNTIGENS ..ttt ettt ettt a et e et et ana 15
2.4.1 Neoantigen in B16 melanoma model ..., 16

2.5 Cancer iIMMUNOTNEIAPY ....c.cueiiiiiiiicieee e 18
2.6 Cancer therapeuLiC VACCINES ..ottt 19
2.7 MRNA-based CaNCEr VACCINES .....c.cueuriiiriririeieeieeeeeee e 21
2.7.1 In vitro transcription of MRNA........ooi e 21

2.7.2 TNRNA CANCET VACTINES ettt e e e eee et e e eeeneeeeaaeeeneen 25



vii

2.7.3 Delivery systems for MRNA VACCINE ....c.ccovviiviiiiieececeeeeee e 29
2.7.4 Routes of administration for MRNA ..., 31

2.8 Murine melanoma MOAEL ..o 32
CHAPTER Il MATERIALS AND METHODS .....coiiiiiiiiieieieieieieeeesee s 34
3.1 ANIMIALS bbbttt 34
3.2 Cll CUITUIES ...ttt 34
3.2.1 RAW264.7 Cell lIN@ .o 34
3.2.2 Generation of bone marrow-derived macrophages (BMDMS)...................... 34
3.2.2.1 L929-conditioned medium preparation ...........cceeernvccnnnennes 34

3.2.2.2 BMDMs differentiation ..o 35

3.2.3 Generation of bone marrow-derived dendritic cells (BMDCS)..........cccoouu.... 35
3.2.0 TUMOT CELL LIN@S ittt 36

3.3 RNA constructs and in Vitro transSCription ..........ccceovieerniceereeeseee e 36
3.4 Cellular transfection With MRINA ..ot 37
3.5 In vivo cellular uptake and protein eXpression ... 37
3.6 Ex Vivo tissue iMaging STUAY ....cciiuieiieiiciicieeeeee e 39
3.7 BiolumMINESCENCE IMAGING 1.t 39
3.8 Melanoma tumOor MOAEL......c.ccuiiiiiiiiei e 40
3.8.1 IMMUNOZENICITY STUAY .viiriieieieieee e 40
3.8.2 Restimulation of splenocytes with synthetic peptides ........ccocecevvicinnnee a1
3.8.3 Therapeutic effiCacy St ..o a1
3.8.3.1 Localized Melanoma........cocceirrrneee s a1

3.8.3.1.1 OVA MOt a1

3.8.3.1.2 Neoantigen mModel. ... 42



viii

3.8.3.2 Metastatic Melanoma ... a3

3.9 Serum and tissue PrepParation ... e aa
3.10 Cell surface staining and intracellular cytokine staining (ICS) of in vitro re-
StIMULAtEd SPLENOCYTES ... a5
3.11 Cell surface staining of tumor infiltrating immune cells.........cccccoeveennnnn. a5
3.12 Measurement of cytokines by ELISA ... ar
3.13 Measurement of specific antibody titer in serum by ELISA........ccoovviinee. 48
3.14 IN ViVO CYtOTOXICITY @SSQY cuiriririiieiiiieiiieieieiet ettt nes 49
3.15 In vivo blocking of IFN-I by IFNAR1-specific monoclonal antibody............ 50
3.16 Detection of IFN-Y secreting-splenocytes by ELISPOt .......ccccevviiiviniinn. 50
3.17 LNP-based delivery system for plasmid DNA (DDNA) .....covvvirirrrniririeenns 51
3.17.1 Plasmid CONSEIUCE «..cviiiiiiiiiieiieee e 51
3.17.2 LNP preparation based on commonly used lipids ........cccccoeeueunenee 51
3.17.3 PDNA-LNP complex formation ............cccoeeeerreeneeeeeeeeeee, 52
3.17.4 PDNA-LNP tOXICItY teST .ot 53
3.175 Cellular transfection with pPDNA-LNP .......cccooiiiiniicicecen, 53
3.18 SEAtISICAl @NALYSIS . ieieieeeci e 54
CHAPTER IV RESULTS L. 55

4.1 Translation efficiency, APC maturation, immunogenicity, and cytotoxicity

induced by different degrees of modified nucleosides in mMRNA-LNP ................ 55

4.1.1 Translation efficiency is inversely related to IFN-I secretion and APC

maturation and the degree of nucleoside modification. .........ccccoveiviinnnes 55

4.1.2 Immunization with OVA mRNA-LNP induces robust immune responses

and activates OVA-specific cytotoxic effector T cells......coviiiiiininnnnn. 59

4.1.3 Neoantigens (Pbk-Actn4) encoding mRNA-LNP is immunogenic................. 62



4.2 Anti-tumor immunity and tumor-infiltrating immune profiles induced by

modified or unmodified MBRNA-LNP 1N VIVO ..ooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeean 64

4.2.1 Unmodified mRNA induces antitumor immunity and alters tumor-

infiltrating immune cell Profiles. ... 64

4.2.2 IFN-Iis crucial for anti-tumor response induced by unmodified mRNA

VACCINC. e e ettt et et e ettt e e naea e 69

4.2.3 Unmodified OVA-LNP suppresses metastasis to lung in a melanoma

model.71

4.2.4 Neoantigen-specific immune responses induced by unmodified mRNA

control B16F10 melanoma growth. ... 72

4.3 Synthesis of LNPs based on well-characterized lipids facilitated pDNA

transfection into RAW264.7 macrophage cell line.........ccocevviiiniiinniccs 74
4.3.1 Physical properties characterization of pDNA-LNPS ........cccccovievninicnnnnns 74
4.3.2 Cytotoxicity Of PDNA-LNPS.....c.ccooiiieiieee e 77

4.3.3 Transfection and translation efficiency of pDNA-LNPs into RAW264.7 cell

line 78
CHAPTER V DISCUSSION L.ttt ettt ettt sttt 80
CHAPTER VI CONCLUSIONE AL ONCKORN: - LINIVERGITY oo eeeeeeereceeeeneeeseseneenees 90
REFERENCES .ttt 91
APPENDIX ...ttt b ettt 115
APPENDIX A ottt 116
LIST OF PREPARING REAGENTS ...ttt 116
APPENDIX B ...ttt 124
SUPPLEMENT L.ttt eeeee 124



LIST OF FIGURES

Figure 2.1 The anti-cancer immunity CYCLe ..o 7

Figure 2.2 Schematic diagram for the origins and functions of macrophages in tumor

TESPIONSE ..ttt ettt ettt ettt ettt ettt ettt et b et b et b et etk ek etttk ekt b stttk ettt ettt nes 9

Figure 2.3 Schematic diagram for the origin of DCs and the involvement of cDC1 and

cDC2 subsets in the T cell differe@ntiation ..o 12

Figure 2.4 Upstream and downstream signalings of type | interferon upon detection

of cytosolic and endosomMal RNA ..o 14

Figure 2.5 Discovery and characterization of target mutations for mRNA vaccine

AEVELOPIMENT ...t ettt ettt enene 17

Figure 2.6 Designing of an mRNA vaccine and mechanism of action of mRNA-LNP .... 24

Figure 3.1 Schematic immunization regimen for immunogenicity test ..o 41
Figure 3.2 Schematic immunization regimen for therapeutic efficacy test................. 43
Figure 3.3 Schematic immunization regimen for lung metastasis inhibition study....... a4
Figure 3.4 pVAX1-DsRed2 plasmid VECTOT ...t 51

Figure 4.1 TransIT and LNP efficiently delivered mRNA to murine BMDCs and BMDMs

IN VITIO. o O TTUERALUIN U U TN O I e 56

Figure 4.2 mRNA-LNP uptake and reporter protein expression in APCs in LNs and

SPLEENS TN VIVO .ttt 58

Figure 4.3 Immunization of mMRNA-LNP elicits robust antigen-specific T cell responses.

Figure 4.4 Immunization of neoantigens (Pbk-Actn4) encoding mRNA-LNP elicits robust

antigen-specific T Cell r@SPONSES.......c.ccuiiiiieiice e 63

Figure 4.5 Therapeutic efficacy of unmodified OVA-LNP in B16FO-OVA melanoma



Xi

Figure 4.6 Impact of OVA-LNP on activation of splenic antigen-specific T cells in B16

TUMOT transPLlaNTed MICE ... 68

Figure 4.7 IFN-I signaling promotes antitumor response and modulates immune cell

PrOfILES TN SPLEEN. 1.t 70

Figure 4.8 Immunization of unmodified mMRNA-LNP inhibits lung metastasis of B16FO-
OVA MNELANOIMA. ... 71

Figure 4.9 Unmodified neoantigens (Pbk-Actn4) encoding mRNA-LNP inhibits tumor

growth in vivo and prolongs SUNVIVAL.........ceeeeeciiiririeieeeeesce s 73

Figure 4.10 Particle size and polydispersity index (upper row) and zeta potential

(lower row) values of pDNA-LNPs at different N/P ratios are shown........c.ccccccceveiinnneee. 77
Figure 4.11 LNP formulations are non-toxic to RAW264.7 cell line. ......cccoevvviviviniicnnes 78

Figure 4.12 Transfection and translation efficiencies of pDNA complexed with cationic

Figure 5.1 Proposed mechanism of antitumor immunity by unmodified mRNA-LNP in

an [FN-I-dependent ManNET. ..o 89

Supplement Figure 1 Efficiency of TransIT and LNP for in vitro luciferase mRNA

TrANSTECTION .eveere e T e et 124
Supplement Figure 2 Ex vivo bioluminescence imaging of mRNA-LNP in mice.......... 125
Supplement Figure 3 Translational kinetics of MRNA-LNP in ViVO .........ccccoviiriririann. 126

Supplement Figure 4 Serological responses in mice immunized with ovalbumin

encoding MRNA-LNP with 0 or 100% of MIW ..., 127

Supplement Figure 5 Immunization of MRNA-LNP in tumor-bearing mice does not

dramatically cause body Weight LOSS. ..o, 128



Xii

LIST OF TABLES

Table 2.1 List of active, or completed clinical trials of mRNA vaccines in cancer

therapy (modified from Miao, L., et al,, 2021 (172))...ceeieiieeeieeeeeeeeeeie e 26

Table 3.1 List of antibodies used for detection of in vivo cellular uptake and

EXPIESSION 1ttt ettt ettt ettt ettt et b etttk h etttk b ettt be s 38

Table 3.2 Vaccine formulas (per dose) for testing immunogenicity of OVA and

NE0ANTIZEN MOAEL VACCINES ...ttt 40

Table 3.3 Vaccine formulas (per dose) for therapeutic test of OVA and neoantigen

MOAEL ANTIGEN VACCINES ...ttt ettt 42

Table 3.4 Vaccine formulas (per dose) for study of lung metastasis inhibition of

INOAEL VACCINEG .. e ettt ettt e e e e ene e 43

Table 3.5 List of antibodies and concentration used for surface and intracellular

CYLOKING STAINING .ttt seeee 46
Table 3.6 List of antibodies and their dilution used for ELISA........cccocorvvvirininiiiene 49
Table 4.1 Lipid mole ratio of two formulas of LNPS.........ccceeeeeiiicee 75

Table 4.2 Particle size, polydispersity index and zeta potential of pDNA-LNPs ........... 76



a.a.
Actnd
APCs
BMs
BMDCs
BMDMs
CAR
CCL
CCR
cDC1
cDC2
CDP
CFSE
CSF1
CTL
CTLA-4
CXCL
DCs
DMEM
dLNs
dsRNA
DOPE
DOTAP
elF
ELISA
ELISpot
FBS

LIST OF ABBREVIATIONS

Amino acid

Actinin alpha 4

Antigen-presenting cells

Bone marrow cells

Bone marrow-derived dendritic cells

Bone marrow-derived macrophages
Chimeric antigen receptor

Chemokine (C-C motif) ligand
CC-chemokine receptor
Conventional type 1 DC

Conventional type 2 DC

Common DC progenitor

Carboxyfluorescein diacetate succinimidyl ester
Colony-stimulating factor 1

Cytotoxic T lymphocyte

Cytotoxic T-lymphocyte-associated protein 4
C-X-C motif chemokine ligand

Dendritic cells

Dulbecco’s Modified Eagle Medium

Draining lymph nodes

Double-stranded RNA
Dioleoylphosphatidylethanolamine
1,2-dioleoyl-3-trimethylalmonium-propane
Eukaryotic initiation factor

Enzyme-linked immunosorbent assay
Enzyme-linked immune absorbent spot

Fetal bovine serum



Xiv

FLt3L FMS-like tyrosine kinase 3 ligand

GAS IFN-Y-activated site

GM-CSF Granulocyte-macrophage colony-stimulating factor
HBV Hepatitis B virus

HEK293T Human embryonic kidney cell line

Hour Hr

Hours Hrs

HPLC High-performance liquid chromatography
HPV Human papillomaviruses

HSC Hematopoietic stem cell

IFIT Interferon-induced protein with tetratricoid repeat
IFN Interferon

IFN-I Type | interferon

IFNAR1 Interferon-alpha/beta receptor alpha chain
IL Interleukin

ICS Intracellular cytokine staining

id. Intradermal

im. Intramuscular

in. Intranodal

i.p. Intraperitoneal

ISGF3 IFN-stimulated gene factor-3

it. Intratumoral

LV. Intravenous

iNOS Inducible nitric oxide synthase

IRF Interferon regulatory factor

VT In vitro transcription

JAK Janus kinase

LNPs Lipid nanoparticles

LPX Lipoplexes

Luc Luciferase

L929 Murine fibroblast cell line



m1W N1-Methylpseudouridine

MDA5 Melanoma differentiation-associated antigen 5
MHC class | Major histocompatibility complex class |

MHC class |l Major histocompatibility complex class |I

mAb Monoclonal antibody

MAGE-A3 Melanoma-associated antigen A3

Neo Neoantigen

NK Natural killer cells

NY-ESO-1 New York oesophageal squamous cell carcinoma 1
OAS Oligoadenylate synthase

ORF Open reading frame

OVA Ovalbumin

Pbk PDZ-binding kinase

PBS Phosphate buffer saline

PD-1 Programmed cell death protein 1

pDC Plasmacytoid dendritic cell

PD-L1 Programmed death-ligand 1

PDNA Plasmid DNA

PEG Polyethyleneglycol

PKR Protein kinase receptor

PRRs Pattern recognition receptors

RAW264.7 Murine macrophage cell line

RPMI Roswell Park Memorial Institute

s.C. Subcutaneous

sSRNA Single stranded RNA

STAT Signal transducer and activator of transcription
TAAs Tumor-associated antigens

TCR T cell receptor

Th T helper cell

TLR Toll-like receptor

TMB 3,3, 5, 5’- tetramethylbenzidine



TME Tumor microenvironment

TNF Tumor necrosis factor
TOPK T-lymphokine-activated killer cell-originated protein kinase
TPTE Transmembrane phosphatase with tensin homology
UTP Uridine 5’-triphosphate
UTRs Untranslated regions
v/v Volume by volume
Mg Microgram
ng Nanogram
g Gram
il Microliter
ml Milliliter
L Liter
um Micrometer
nm Nanometer
UM Micromolar
M Molar
°C Degree Celsius
% Percentage
/ Per

Ratio
a Alpha

Beta

Y Gamma



CHAPTER |
BACKGROUND

Cancer is one of the global health problems with urgent needs for more
effective solution (1). The first defense system of host immunity against tumor cells is
initiated by innate immune cells including natural killer (NK) cells, neutrophils, and
macrophages (2). Subsequently obtaining tumor antigen-specific adaptive immunity
requires three signaling cascades. Antigen-presenting cells (APCs) such as dendritic
cells (DCs) capture tumor associated antigens from dying tumor cells or antigens
released from tumor cell which trigger APC maturation, and antigen processing and
presentation on major histocompatibility complex class | (MHC class 1) and Il (MHC
class 1) molecules for recognition by T cell receptors (TCRs) (signal 1). Full T cell
activation further requires co-stimulatory signaling from surface molecules including
B7 on APCs and CD28 on T cells (signal 2) and APC-derived cytokines including
interleukin-12 (IL-12) and type | interferon (IFN-I) (signal 3) (3). However, in the
absence of costimulatory signals causes T cell tolerance (4, 5). In addition, in tumor
microenvironment (TME) there is often an upregulation of immune inhibitory
molecules such as programmed cell death protein 1 (PD-1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) on T cells or programmed death-ligand 1
(PD-L1) on APCs and cancer cells which competitively interact with co-stimulatory
molecules/receptors and contribute to T-cell exhaustion and tumor immune escape
(6).

Although the standard cancer care has improved in the recent decades, many
such cares have insufficient efficacy and severe side effects. Cancer immunotherapy
utilizes the patient’s own immune system to mount antitumor immune functions of

the suppressed immune functions (7 ). The current approaches for cancer



immunotherapy can be summarized into 4 categories i.e. monoclonal antibody
(mADb) treatment, immune checkpoint blocker treatment, cancer vaccine treatment
and cell-based therapies (8). The mAb can be naked or conjugated with drugs or
toxins that are specifically delivered to cancer cells (9). Immune checkpoint blockade
overcomes the immunosuppressive checkpoints exploited by the cancer cells and
trigger the antitumor response T cells (1 0). The use of cancer vaccines aims to
stimulate the immune cells to recognize the antigens that are present on the tumor
(11). Adoptive T-cell therapy is a cell-based immunotherapy that requires reinfusion
of ex vivo activated autologous T cells into patients (1 2 ). In recent years,
immunotherapy combined with nanotechnology has gained more attentions because
it allows a directed target therapy with decreasing unwanted side effects (1 3 ).
Traditionally, tumor-associated antigens (TAAs) are the main targets for cancer
vaccine. However, using TAAs is not always effective for cancer treatment because
extensive variability of TAAs in each patients can cause immune evasion. In addition,
central and peripheral tolerance could be initiated due to presence of TAAs in some
normal tissues which waning vaccine efficacy (14). Advances in omics technologies
such as the next generation sequencing and proteomics enable scientists to identify
potential neoantigens that are the result of somatic mutations, that can be unique to
individual patients (15). Generally, neoantigens are expressed by the tumor cells, but
are absent in the normal cells. Criteria of selection for mutated genes as
neoantigens, include high expression levels in tumor cells and MHC class | and class
ll-binding affinity for antigen presentation (16).

MRNA vaccine emerges as new anticancer vaccine. It provides several
advantages over the peptide cancer vaccines which is currently in clinical trials and
use. Peptide vaccines can effectively treat only patients with complete fit of human
leukocyte antigen/ MHC type with those peptides and the adjuvants are needed.

While endogenously expressed mRNA vaccine, antigen can be processed and



presented by APCs and does not have such limitation. Furthermore, mRNA itself
provides potent adjuvant activity by direct activation of pattern recognition receptors
(PRRs) in innate immune cells. Moreover, once the mRNA reaches the cytoplasm,
translation process can occur immediately with no risk of insertional mutagenesis (17,
18). On the manufacturing side, mRNA vaccine can be easily produced with relatively
low cost by an enzymatic process.

The application of mRNA vaccines for cancer immunotherapy can be
categorized into 2 groups. The first type is mRNA vaccine encoding TAAs or
personalized neoantigens derived from exome sequencing. This vaccine is directly
immunized into patients which effectively induce antigen specific humoral and
cellular immunity. The second type is mRNAs for cellular therapies by transfecting
MRNA encoding TAAs into patient-derived DCs in vitro and infuse back into the
patient for activation of TAAs-specific T cells or transfecting mRNA encoding chimeric
antigen receptors into patient-derived T cells, which mediates recognition of specific
tumor antigens by T cells (19).

FixVac vaccine from BioNTech company is an example of successful mRNA
vaccine for advanced melanoma in phase | trial. Patients received at least eight
intravenously administered of lipid nanoparticles (LNPs) loaded mRNA (mRNA doses
ranging from 7.2 to 400 pg) encoding four TAAs, including New York oesophageal
squamous cell carcinoma 1 (NY-ESO-1), melanoma-associated antigen A3 (MAGE-A3),
tyrosinase, and transmembrane phosphatase with tensin homology (TPTE). These
TAAs show limited expression in normal tissue, high immunogenicity and widespread
presence in melanoma (20). It was optimized to target immature DCs in lymphoid
organs and could potententially initiate antigen presentation of TAAs on both MHC
class | and class Il molecules on DCs and subsequently induced effector T cell
responses against TAAs. The authors reported that tumor progrssion could be

controlled by FixVac vaccinations in patients who had failed from prior received anti-



PD-1 therapy but the tumor later grew back. Interestingly, FixVac significantly induced
PD-1" effector memory T cells and after second round treatment with anti-PD-1
therapy, morethan 35% of tumor regression rate was seen (21). This result suggest
the advantages of combination therapy of potent therapeutic mRNA vaccine and
immune checkpoint blockade.

The delivery system of mRNA vaccine is another key technology for an
effective mRNA vaccine. Ideal delivery system should be able to effectively deliver
MRNA to lymphoid tissues and protect mRNA from degradation by ubiquitous RNase.
In addition, the mRNA should be specifically taken up by the APCs. Physical delivery
methods including gene gun and electroporation, have shown efficient delivery of
MRNA in only mouse models but so far not in large animals and humans because of
increasing cell death rate and difficulty in target cell access (22, 23). The use of lipid
or polymer-based nanoparticles as potent delivery vehicles are more reliable and
suitable.

The cationic peptide protamine can protect mRNA from ubiquitous RNase but
the tight connection between protamine and mMRNA could limit the protein
expression (24). Currently, LNPs are the most frequently used vehicles for mRNA
delivery. LNPs are generally compost of an aqueous core surrounded by a lipid
bilayer shell that is made of a combination of different lipids (25, 26). Most LNP
formulations rely on cationic lipids to efficiently complex the negatively charged RNA
(2 7). The main concerning aspects of effective LNP delivery system include the
composition of lipid, size and charge. Small-sized (200-400 nm) particles of 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) complexed with  mRNA can
specifically target DCs (28). The toxicity of cationic lipid can be decreased by co-
structure with the neutral lipid. Furthermore, dioleoylphosphatidylethanolamine
(DOPE) neutral lipid is useful for transfection efficiency in vivo, which can facilitate

membrane fusion and aid the destabilization of the plasmalemma or endosome (29).



DOTAP-lipoplexes (LPX) showed low toxicity in MCF-7, HelLa and HEK-293 cell lines
after 48 hrs incubation (30). In addition, the surface of LNPs can be decorated to
express specific molecules such as DCs targeting mannose receptor that enhances
the uptake by DCs (31). Adjusting the net charge of lipid to mRNA could also target
precisely and effectively to the lymphoid organs. RNA complexed with LPX
formulation with a charge ratio of 1.3:2 effectively targeted RNA to the spleen, which
is an organ with the highest density of APCs (32). Another critical component of the
LNPs is the pH-sensitive ionizable lipids which maintain more biocompatible neutral
charge at physiological pH with less interaction to anionic membrane of blood cells.
However, once mRNA-LNPs reached inside an endosome, at low pH, the ionizable
lipids are protonated and leading to promote membrane destabilization and
facilitate endosomal escape of the nanoparticles and release mRNA to the cytosol
(33). Currently, the use of mRNA encoding mono-epitope induces either CD4" or
CD8" immune responses (16) but effective vaccines induce both arms of immune
response.

In this study, mRNAs were prepared using ovalbumin as a model antigen and
mutation-induced neoantigens- PDZ-binding kinase (Pbk) and actinin alpha 4 (Actnd)
of B16F10 melanoma cells (1 6) for therapeutic evaluation against B16 melanoma
model. Furthermore, DsRed2 red fluorescent protein encoding mRNA was prepared
by varying net charge of lipid formulations containing DOTAP cationic lipid, DOPE
neutral lipid and polyethyleneglycol. The translation efficiency of LNPs were
investigated in vitro. The results obtained from this study may provide insight and

prototype of the effectiveness of mRNA vaccine against cancer.

Objectives
1. To develop mRNA vaccine encoding the fusion of two neoepitopes

2. To develop novel delivery system using lipid nanoparticles (LNPs)



CHAPTER Il
LITERATURE REVIEWS

2.1 Cancer and anti-cancer immunity

Cancer is the top three causes of death globally with the increasing incidence
which is followed by heart disease and stroke (1, 34). There are various causes of
cancer, such as genetic factors, unhealthy food habits, stress, radiation exposure,
toxins consumption, chronic infection and inflammation (35, 36) which leading to
uncontrolled growth of cells in any organs and tissues and forming of a cancer mass
(37-39). In tumor microenvironment (TME), immunosuppression, and tumor evasion
strategies by cancer cells result in the inability of the immune cells to detect and
eliminate the cancer cells (40-42). Immune checkpoint inhibitors such as
programmed cell death protein 1 (PD-1) keep T cell responses in check which helps
in autoimmunity prevention. However, these inhibitory signaling is taken advantage
by the cancer cells to induce T cell exhaustion. Ligation of PD-1 with its ligands
programmed death-ligand 1 or 2 (PD-L1 or PD-L2) induces tyrosine phosphorylation
of the PD-1 cytoplasmic domain and subsequent recruitment of cytosolic tyrosine
phosphatase SHP-2 which preferentially dephosphorylates CD28 (43-45) and prevents
CD28-mediated activation of phosphatidylinositol 3-kinase to produce cytotoxic
mediators required for killing by effector T cell (46).

Anti-cancer immunity requires consecutive steps for effective killing of cancer
cells as shown in Figure 2.1. The release of cancer cell derived antigens or
neoantigens created from changes in genetic modification of cancer cells are taken
up by antigen-presenting cells (APCs) for processing (step 1). Antigen-peptides are
loaded on MHC class | and Il molecules (step 2). The priming and activation of
cancer-specific effector T cells is mediated (step 3). The activation of T cells appears

to govern by three signals, including T cell receptor (TCR) engagement (signal 1)



which is from the interaction between APCs presented peptide-MHC complexes and
antigen-specific T cells. Co-stimulation from costimulatory molecules (signal 2) is
required to prevent anergic responses. Proinflammatory cytokines such as type |
interferon (IFN-1) (signal 3) directly helps in T cell differentiation to effector cells and
survival of activated T cells from natural killer (NK) cell attack by upregulating the
MHC class | expression for inhibitory NK cell receptors and downregulating T cell
lisands for the activating NK cell receptor natural cytotoxicity triggering receptor 1
(47). Finally, the activated effector T cells travel to tumor and infiltrate into the
tumor site (step 4) and specifically interact to cancer cells through TCR and cancer
antigen bound to MHC class | molecules, and kill their target cancer cells (step 5).
However, the presence of an immunosuppressive regulator within the TME could
limit protective immunity. Combination with treatments that selectively target
negative regulators to T cell responses in each step of the cycle could overcome
mechanisms of immune suppression (48).
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The generation of anti-cancer immunity requires consecutive steps. This cycle can be
divided into five major steps, initiating with the release of antigens from the cancer
cell and ending with the killing of cancer cells. Treatment agents mediating anti-
tumor immunity are indicated in red. (Modified from Chen, DS. and Mellman, I., 2013

(43))

2.2 Antigen-presenting cells (APCs)

The major target cell population of vaccine are professional APCs especially
macrophages and dendritic cells (DCs) which function as bridge between innate and
adaptive immune responses (49). Activation of innate immune response is usually
initiated by detecting exogeneous motifs called pathogen-associated molecular
patterns via the pattern recognition receptors (PRRs) and these receptors are
particularly highly expressed in APCs (50).

2.2.1 Macrophages

Tissue-resident macrophages are mainly derived from embryonic progenitors
which enrich tissue remodeling and wound healing gene sets. Macrophage
development are regulated by macrophage colony-stimulating factor 1 receptor (M-
CSFR) which are the receptor for M-CSF and interleukin-34 (IL-34), which are
important cytokines in differentiation and survival of macrophages (51). By contrast,
tumor-associated macrophages predominantly derive from circulating monocytes (52)
as shown in Figure 2.2 and upregulate gene sets involved in immune suppression and
antigen presentation (53). Cellular activity and function of macrophages are regulated
by developmental origin, tissue environment cues such as fibrosis, hypoxia, nutrient
accessibility, and lymphocyte-derived factors (49, 54). In addition, epigenetic
mechanism also affects phenotype plasticity of macrophage (55). In TME, tissue
hypoxia induces monocyte recruitment factor secretion from malignant cells and

stroma such as colony-stimulating factor 1 (CSF1), CC-chemokine ligand 2 (CCL2),



CCL5, CXC-chemokine ligand 12 (CXCL12) and vascular endothelial growth factor (56).
The functional roles of macrophage in cancer are delineated by macrophage-
expressed molecules. M1 macrophages present anti-tumorigenic properties express
high levels of tumor necrosis factor (TNF), inducible nitric oxide synthase (iNOS) or
MHC class Il molecules. IFN-Y produced by CD8" cytotoxic T lymphocytes (CTLs), T
helper 1 (Th1) cells and NK cells could shape the phenotype of macrophages
towards antigen presentation, pro-inflammatory cytokine production and tumor cell
killing (57). Likewise, activation through CD40 on macrophages upregulates expression
of MHC class II, iINOS and TNF which promote anti-tumor immunity (58). While M2
macrophages present pro-tumorigenic properties express high levels of arginase 1, IL-
10, CD163, CD204 or CD206 (59). The mannose receptor, CD206, which is highly
expressed by M2 macrophages, suppress CD45 phosphatase activity leading to impair

of cytotoxicity of CD8" T cells (60).
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Figure 2.2 Schematic diagram for the origins and functions of macrophages in tumor
response

Tumor-associated macrophages (TAMs) are derived from circulating monocytes. CSF-1
and IL-34 play crucial role in macrophages origination. TAMs are phenotypically

polarization to proinflammatory M1 macrophage due to the efect of IFN-Y, TNF-Q
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and LPS and tumor-promoting M2 macrophage due to the effect of IL-4, IL-10, TGF[3-
1 and PGE2. M1 macrophage directly kills tumor cells by lysis after phagocytosis,
enhances tumor antigen-presentation or indirectly promote the proliferation of CD8"
T cells and NK cells due to the effect of IL-6, IL-12 and TNF-QL. While, growth factors
and enzymes secreted by M2 macrophage promote angiogenesis and
immunosuppression by recruitment of regulatory T cell (Treg). As a feed-back loop,
cytokines and factors secreted by tumor cells enhance the effect of M2. (Modified
from Liu, J., et al., 2021 (61) and Lakshmi, N. B., et al., 2013 (62))

2.2.2 Dendritic cells (DCs)

DCs are derived from hematopoietic stem cell (HSC)-derived precursor named
as common DC precursor (CDP) in bone marrow (63) as shown in Figure 2.3. DC
lineage development from HSC is influenced by cytokines including granulocyte-
macrophage colony-stimulating factor (GM-CSF) and IFN-I under the direction of FMS-
like tyrosine kinase 3 ligand (Flt3L) and FU3L receptor (FIt3) signaling (64, 65). The
uptake of antigens causes DC maturation which loses ability of antigen uptake and
acquire capacity in antigen presentation and T cell activation correlated with
upregulation of cell surface MHC class I, costimulatory molecules such as CD40,
CD80, CD86, and adhesion molecule CD54 (26, 66-68). Moreover, activated DCs can
be induced by exposure to danger signals such as heat shock proteins (69), necrotic
cells (70) or contact with CD40 ligand-expressing T cells (71). In addition, IFN-I
produced by DCs also act in an autocrine manner through type | IFN-receptor (IFNAR)
to activate DCs shown upregulation of costimulatory molecules on cell surface which
enable to stimulate T cells (72, 73). DC surface markers are characterized by CD11c”
and MHC class I" cells (74) and are divided into three subtypes including two
classical DCs; conventional type 1 DC (cDC1) and cDC2 and plasmacytoid DCs (pDCs)
(63). Moreover, the differentiation of cDC subtypes is modulated by distinct sets of

transcription factors (75, 76). cDC1 is defined as CD8AL" CD103" XCR1" (65), while cDC2
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is defined as CD11b" CD172a" (65). IFNAR triggering in cDC1 was critical for
spontaneous CD8" T cell responses against B16 melanoma (77). cDC1 performs in
antigen cross-presentation to prime CD8" T cells and also helps in early priming of
CD4" T cells and delivery of cell-associated antigens to the T cell zone of draining
lymph nodes (dLNs), where antigens can be captured by cDC2 and further present to
CD4™ T cells (78). This finding suggests that cDC1 acts as the primary APCs for early
presentation to naive CD4" T cells, while at advanced stage of CD4" T cell
proliferation is regulated by cDC2. In addition, the absence of CD40 signaling on cDC1
causes the reduction of antigen specific CD8" T cells expansion (79). Murine pDC is
defined as CD11c* CD11b” B220* PDCA1" SiglecH" (65). Triggering of endosomal toll-
like receptor 7 (TLR-7) by single stranded RNA (ssRNA) can activate pDCs to secrete
IFN-I and become mature (80). Mature pDCs subsequently downregulate [IFN-I
secretion and upregulate expression of MHC class Il and costimulatory molecules
(81). Fate of T helper cells can be determined by the type of DC subsets. CD8QL" DC
subset induces Th1 cell differentiation (82), whereas the development of Th2 cells

requires mediator like CD301b" DC subset (83).
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Figure 2.3 Schematic diagram for the origin of DCs and the involvement of cDC1 and
cDC2 subsets in the T cell differentiation

Population of DCs are divided into three subsets including pDC, cDC1 and cDC2
which are all derived from CDP modulated by distinct sets of transcription factors.
cDC1 is involved in the differentiation of CTL and Thl cells with IL-12 cytokine.
While, cDC2 facilitates the T cell development into Th2, Th9, Th17, and Treg cells
with cDC2 cytokines. CDP, common dendritic cell progenitor; pDC, plasmacytoid
dendritic cell; cDC1, conventional type 1 dendritic cell; cDC2, conventional type

2 dendritic cell (Modified from Kumar, S., et al., 2018 (84))

2.3 Type | interferons (IFN-I)

The activity of IFN-l was discovered by Isaacs and Lindenmann in 1957 from the
growth inhibition of live influenza virus by the secreted factor from heat-inactivated
influenza virus (85). IFN can be categorized into 3 families including type | (IFN-Ql and
IFN-B), type Il (IFN-Y), and type IIl (IFN-A1, 2, 3 and 4) (86). IFN-I signaling has been
reported to be associated with either helps or resistance to cancer therapies (87-89).
The expression of IFN-I requires activation of PRRs as shown in Figure 2.4 followed by
interaction with adaptor proteins; TRIF or MyD88 which subsequently activate
serine/threonine kinases that phosphorylate interferon regulatory factor 3 (IRF-3), IRF-
7, AP-1, and NF-KB triggering their translocation into the nucleus, where they bind to
regulatory domains of the IFN-f gene promoter and drive transcription of IFN-I (90).
While major producer of IFN-QL is pDCs, IFN—B is released by many types of cells (91).
IFN-I expression can be induced by viral infection, LPS, bacterial DNA, and double-
stranded RNA (dsRNA) (92, 93). IFN-QU signals through heterodimeric receptors,
comprising a low-affinity IFNAR1 and a high-affinity IFNAR2, whereas IFN—B signals
through homodimer receptor IFNAR1 (47). The binding of IFN-O/B to IFNAR leads to

the activation of the Janus kinase (JAK) and signal transducer and activator of
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transcription (STAT) pathway (94). The activation of JAK kinase results in the
recruitment, phosphorylation, and dimerization of STAT proteins. The STAT dimer,
which binds IRF9 to form the IFN-stimulated gene factor 3 complex. This complex
translocates to the nucleus and binds to IFN-stimulated response elements, initiating
transcription of IFN-stimulated genes (92). The combination of different STAT
complexes will determine in turn the transcriptional and functional consequences of
IFN-I. Interestingly, induction of autophagy-associated death of cancer cells via IFN-
Y/STAT1 activation and STAT3 activation inhibition could reestablish the
antimetastatic effect in therapeutic condition (95).

IFN-I indirectly influences on T cell priming by APCs. IFN-I induce APC maturation
by upregulation of MHC molecules and costimulatory molecules which promote
antigen presentation (96) as well as facilitate migration of mature APCs to secondary
lymphoid organs by upregulating CC-chemokine receptor 5 (CCR5) and CCR7
expression on mature APCs (97) and adhesion molecule lymphocyte function-
associated antigen 1 and inducing T-cell chemoattractant secretion from APCs
including CXCL9 and CXCL10 (98, 99). In addition, cross-presentation efficiency is
improved in IFN-I expressing DCs which cause delay in endosomal acidification and
prolong antigen survival and retention in the early endosomal compartment and
redirect of antigens towards MHC class | processing pathways (100). Furthermore, IFN-I
also shows direct effects on immune cells by promoting NK cell-mediated
cytotoxicity and IFN-Y secretion. Moreover, cytokine production induced by IFN-I
facilitates proliferation and survival of memory T cells and NK cells which dependent
on IL-15 producing APCs and the differentiation of Thl cells which dependent on
IFN-Y producing DCs and NK cells (101). There is study showed that DC-specific Ifnar””
mice could not reject highly immunogenic tumor cells due to defects in antigen
cross-presentation to CD8" T cells. This evidence shows that IFN-I can act through

DCs to promote T cell immunity (77). However, in persistent exposure of IFN such as
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during chronic infection will induce immunosuppressive phenotype of DCs which

drives T cell exhaustion by release of IL-10 and expression of PD-L1 (102).
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Figure 2.4 Upstream and downstream signalings of type | interferon upon detection
of cytosolic and endosomal RNA

Intracellular endosomal TLRs including TLR-3 and TLR-7/8 are known to induce
production of IFN-I and activated by dsRNA and ssRNA, respectively. TLR-3 signals via
adaptor TRIF and activates IRF3 and NF-KB pathways encoded for IFN—B production.
TLR-7/8 transmit the signal via the adaptor molecule MyD88 and activates IRF5 and
IRF-7 leading to activation of IFN-I pathways and secretion of proinflammatory
cytokines. Two RNA helicases, retinoic acid-inducible gene 1 (RIG-1) and melanoma
differentiation-associated gene 5 (MDA-5), detect dsRNA in the cytoplasm. Activated
RIG-1 and MDA-5 interact with adaptor protein MAVS anchored by its C-terminal
domain to a mitochondrion. This interaction triggers signaling through TRAF3 and
TRAF6 adaptors and results in activation of IRF3, IRF7 and NF-KB pathway. Sensing of
dsRNA by 2',5'-oligoadenylate synthase (OAS) results in activation of nuclease RNase

L, resulting in the degradation of cytoplasmic RNAs. Protein kinase dsRNA-dependent
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serine-threonine kinase (PKR) activates NF-KB pathways encoded for IFN—B
production, and which inactivates the alpha subunit of initiation factor elF2, resulting
in rapid inhibition of protein translation. (Modified from Delgado-Vega, AM., et al.,

2010 (103))

2.4 Neoantigens

Tumor-specific mutations are ideal targets for cancer immunotherapy as they can
potentially be recognized as foreign antigens by the TCR repertoire without self-
tolerance. Tumor antigens are categorized into two groups. Tumor-associated
antigens (TAAs) are highly expressed by tumor cells, and very slightly expressed by
normal cells. In contrast, tumor-specific antigens raised from random somatic
mutations are expressed only in tumor cells known as neoantigen. Neoantigens, are
now the main targets of mMRNA vaccines. Identification of patient-specific
immunogenic non-synonymous somatic mutations expressed in the tumor for
personalized neoantigen vaccine using whole-exome, RNA, or transcriptome
sequencing of a biopsy of tumor tissue are compared with sequences of healthy
tissues. Next, the highest immunogenic mutations are screened, and identified using
MHC class | epitope prediction algorithms (14) as shown in Figure 2.5.

Recently, nonsynonymous somatic point mutations in B16F10 murine melanoma
cells have been reported. The genes that were found mutations often function as
tumor suppressor genes, DNA repair and genes which control cell proliferation,
adhesion, migration, and apoptosis (104). Unexpectedly, most of somatic mutations
are recognized by CD4" T cells (16). This possibly because of less stringent length and
sequence requirement for peptides binding to MHC class Il molecules as compared
to MHC class | epitopes. The main function of CD4" T cells is to provide cross-priming
of CD8" cytotoxic T cells which responses by CD40 ligand-mediated activation of DCs

(105).
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2.4.1 Neoantigen in B16 melanoma model

PDZ-binding kinase (PBK), also known as T-lymphokine-activated killer cell-
originated protein kinase (TOPK) is a 322 amino-acid MAPKK-like serine/threonine
kinase (mitogen-activated protein kinase kinase-like serine/threonine kinase) which
rarely found in normal tissues (106). PBK/ TOPK was suggested to be used as a
biomarker (107) and a promising target for cancer therapy because overexpression of
PBK/TOPK was found in proliferative cells and during mitosis (108, 109). The
threonine-9 of upregulated PBK/TOPK will be phosphorylated after binding to
cdkl/cyclin Bl complex. which promotes cytokinesis. In addition, elevated PBK/
TOPK expression in tumor tissue was associated with poor overall survival of patients
and short disease-free survival. Apart from being a biomarker, HI-TOPK-032, a specific
inhibitor for PBK/TOPK, may provide an anticancer therapy by reducing cell viability
and colony formation via a dramatic increase in apoptotic cells in vitro and results in
a significant decrease of colon cancer growth in vivo (110). Immunogenic point
mutation of PBK/TOPK in B16F10 melanoma at protein position 145 from valine to
aspartic acid (p.V145D) elicited CD8" T cell responses upon mMRNA immunization (16).

The actinin alpha 4 (ACTN4) is an actin-binding protein that participates in
cytoskeleton organization and enhances RelA/p65-dependant expression of c-
fos, MMP-3 and MMP-1 genes (111). Moreover, high ACTN4 expression also displayed
a tumor suppressor activity and associated with LN metastasis. Patients with high
copy number of ACTN4 showed weakened responses to the chemotherapy and
radiotherapy and lower survival rate. Overexpression of ACTN4 induces invasive
phenotypes through epithelial-to-mesenchymal transition by activating Akt signaling
pathway. In migratory condition, epithelial cells will lose contacts with neighboring
cells, change cytoskeletons organization and shape from globular to spindle-like.

Consequently, ACTN4 become a predictive marker for cancer (112). The
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phenylalanine to valine point mutation at protein position 835 (p.F835V) elicited

CD4™ T cell responses upon mMRNA immunization (16).
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Figure 2.5 Discovery and characterization of target mutations for mRNA vaccine
development

DNA and RNA from normal cells and tumor cells are extracted and cDNA libraries are
prepared. All libraries are sequenced on an Illumina HiSeg2000. RNA reads are
aligned to the reference genome and transcriptome using bowtie. Gene expression is
determined by comparison with RefSeq transcript coordinates. DNA reads are aligned
to the reference genome. Mutations are identified by algorithms and assigned a false
discovery rate (FDR) confidence value. DNA-derived mutations are validated by either
Sanger sequencing or the RNA-Seq reads. Finally, selected vaccine targets are from
prioritization of mutations based on their expression levels and MHC binding

capacity. Good MHC class | binding has ‘low score’ 0.1-2.1 contrast to poor binding
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has ‘high score’ >3.9. Immunogenicity of mutation encoded mRNA vaccine is tested

in vivo. (Modified from Castle, JC., et al., 2012 (113) and Kreiter, S., et al., 2012 (114))

2.5 Cancer immunotherapy

Current cancer clinical treatments include surgically remove of cancerous mass,
chemotherapy, radiation therapy, cancer-specific medication, such as hormonal
therapy and immunotherapy (115, 116). Cancer immunotherapy aims to educate or
restore host’s immune system ability to recognize and eradicate cancer cells through
the recruitment and activation of cytotoxic effector cells and overcome
immunosuppressive microenvironment in tumor. Cancer immunotherapy has gained
more attention since FDA approvals of immune checkpoint inhibitors (117) and
chimeric antigen receptor (CAR)-T cells (118). CAR-T cell therapy relies on isolating
the patient’s own T cells from the blood, engineering them in vitro to express
receptors targeted to a specific tumor antigen then infusing them back to the patient.
CAR-T cells can directly identify the tumor antigen without the involvement of the
MHC complex and are more efficient at destroying the cancer (119). During this time,
the realization that T cell activation requires antigenic stimulation through TCR as first
signal, co-stimulation, and cytokine support as second and third signals respectively
(120). While the co-inhibitory immune checkpoints naturally constrain T cell reactivity
to prevent chronic activation of the immune system and maintain immune
homeostasis, cancer cells or tumor-associated APCs exploits these brakes as a means
of dampening anti-tumor T cell responses and promoting tumor immune escape.
Designing monoclonal antibody for immune checkpoint blockade could unleash the
effector activity and clinical impact of anti-tumor T cells (1 2 1 ). Other
immunotherapeutic strategies include cytokine treatment such as IL-2 treatment
which promotes differentiation of T cells (122), antibody-drug conjugates which target

to antigen-specific cancer and at the same time loaded with anti-cancer drug (123),
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oncolytic viruses that infect only cancer cells, kill, and make them visible to the
immune system (124), adoptive transfer of ex vivo activated T and NK cells (125), and
cancer vaccines that inject cancer antigen to stimulate immune responses against the
cancer (126). Combination therapy between immunotherapeutic strategies alongside
with radiation therapy and chemotherapy causes more effective prevention to
immune escape due to visible cancer cell death and danger signal to immune

system (127).

2.6 Cancer therapeutic vaccines

Vaccine is one of powerful tools to save lives more than million each year (128).
Cancer vaccines are designed to educate immune cells to recognize the tumor-
derived antigens which usually have a low immunogenicity and to break the
establishment of immunosuppressive tumor environment to induce a potent
antigen-specific immune response to eradicate tumor burden. In 1990, Bacillus
Calmette-Guérin  tuberculosis vaccine is the first FDA approval for cancer
immunotherapy and is currently used for early-stage bladder cancer therapy (129).
There are currently three FDA approved preventive cancer vaccines in preventing
infection by human papillomaviruses (HPV) that can develop HPV-related anal,
cervical, head and neck, penile, vulvar, and vaginal cancers including Cervarix® (HPV
type 16 and 18), Gardasil® (HPV types 16, 18, 6, and 11), and Gardasil-9® (HPV types
16, 18, 6, 11, 31, 33, 45, 52, and 58) (130), in addition to another FDA-approved
preventive vaccine, Hepatitis B vaccine (HEPLISAV-B®) in preventing infection by the
hepatitis B virus (HBV) that cause HBV-related liver cancer (131). Most of cancers are
curable if they could be detected at an early stage (132). However, there are several
reasons why vaccine cancer treatment fails in the clinic such as the immune
suppressive tumor microenvironment with expression of checkpoint inhibitors

including PD-1, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), lymphocyte-
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activation gene 3, and T-cell immunoglobulin and mucin domain 3 and presence of
immune suppressive cells such as regulatory T cells, myeloid-derived suppressor
cells, M2 macrophages, regulatory natural killer T cells or cytokines such as
transforming growth factor-beta, IL-10, and IL-13 which leading to lack of a robust T
cell responses (133). Furthermore, high mutation rate of cancer that cause
dysregulated expression of oncogenes and tumor suppressor genes is another
restriction in treatment, therefore multivalent formulation of vaccine is suggested
(134-136). Successful vaccine development requires understanding of a pathogenic
mechanism, a deeply knowledge of the immune mechanisms required for protection
which leading to a rational vaccine regimen, and finding a new effective and safe
adjuvant and delivery system (137). Breakthrough in targeted therapy directed at
specific target in cancer cells (138) and next generation sequencing technology (139,
140) permits scientists to identify a strong immunogenic antigen for vaccines. Taking
advantage of that insight, in 2010 the FDA approved therapeutic cancer vaccine,
sipuleucel-T was designed for metastatic castration-resistant prostate cancer
treatment by stimulating the patient's T-cells to recognize and attack prostate cancer
cells that produce abnormally high levels of prostatic acid phosphatase antigen
(141).

Conventional vaccine platforms including subunit vaccine, killed and live-
attenuated vaccines, and nucleic acid (DNA or RNA)-based vaccine could provide a
strong immune response. However, there is still a major drawback in eradication of
pathogens which can evade adaptive immune responses (142). Although, subunit
vaccines have been proved that elicit the humoral-mediated immunity, they fail to
induce cell-mediated immunity which is important to get rid of intracellular
pathogens (143). Live-attenuated vaccines have a powerful ability in inducing both
humoral and cellular immunity, but safety concerns are considerable (144). Nucleic

acid-based vaccine allows multiple tumor mutations or antigens encoded for nucleic
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acid, allowing APCs to simultaneously present multiple epitopes on both MHC class |
and II associated with the induction of broader humoral and cell-mediated immune
responses leading to less MHC restriction in contrast to subunit vaccine and
overcome immune evasion due to an effect of tumor heterogeneity (145). However,
DNA-based vaccine need to be delivered cross the nuclear membrane and
mutagenesis is considerable from integrating of DNA into host chromosomal genome
(146). All these wvaccine limitations are overcome by mMRNA-based vaccine
qualification which provide adjuvant effect to stimulate potent induction of both
humoral and cell-mediated immune responses (147) without the risk of safety
concerns due to non-infectious and non-integrating into host genome, and they are
naturally degraded in a short time by host machinery. Furthermore, mRNAs are
efficient vectors which can be encoded for any protein antigens by using host cell’s
translational machinery without MHC restriction (148, 149). mRNA vaccines are cost
effective and extremely rapid and scalable production which is less than 2 months
after nucleotide sequence available (150). Synthetic RNA pentatope encoding five
neoantigens connected by 10mer non-immunogenic slycine/serine linkers were
investigated to solve the problem of tumor heterogeneity and antigen escape. Mice
with B16 melanoma cancer immunized with RNA pentatope shown 80% survival on

day 32 whereas all control mice had died (16).

2.7 mRNA-based cancer vaccines
2.7.1 In vitro transcription of mRNA

MRNA vaccine platforms are applicable for both infectious and non-infectious
diseases including cancer immunotherapy and protein replacement therapy (151).
mMRNA can be produced in a cell-free system via in vitro transcription (IVT). In 1990,
the first success of an in vivo delivery of mRNA was reported. Protein translation was

detected in animals after intramuscular administration of an IVT mRNA (152).
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However, disadvantages of mRNA vaccines including the inherent instability and low
level of protein expression as a result of high innate immunogenicity and inefficient
delivery system made mRNA unpopular (153). Recently, breakthrough technologies
have overcome these defects and bring up the distinctive point of mRNA vaccines
(154).

Basically, an IVT mRNA is prepared from linearized plasmid DNA (pDNA)
template which is transcribed into mRNA in a mixture of recombinant T7 RNA
polymerase and nucleoside triphosphates. pDNA for IVT contains a bacteriophage T7
promoter, an open reading frame (ORF), a poly [d(A/T)] sequence transcribed into
poly(A) and multiple restriction sites for linearization of the plasmid to ensure the
termination of transcription. Cap is added enzymatically during or post transcription
flanked at 5’-end via a 5' triphosphate (155). Cap and poly(A) tail are essential
elements for efficient translation and stability of mRNA in the cytosol (50). The
translation of mRNA lacking the 5’cap modification can be suppressed by interferon-
induced protein with tetratricoid repeats (IFIT) family. IFIT can bind to subunits of
eukaryotic initiation factor 3 (elF3) complex. Normally, elF3 interacts with elF2 to
form the 43S pre-initiation complex to allow the complex formation with 60s
ribosome subunit and initiate the translation (156). Capping step with CleanCap (157)
provides high capping efficiency with natural Cap1 (™' GpppN,om N) product which
has much lower affinity with IFIT. Cap 1 is the product of methylation of the 2’ ribose
position of the first cap-proximal nucleotide (Cap 0). Cap 1 has been shown to
modulate binding or activation of innate immune sensors in contrast to Cap 0 and
5’-triphosphate can bind to retinoic acid inducible gene | and melanoma
differentiation-associated antigen 5 (MDA5) which leading to transcription induction of
IFN-I and proinflammatory cytokines (156). Moreover, mRNA also requires appropriate
sequences at 5' and 3' untranslated regions (UTRs) to avoid destabilizing signals such

as the signal from specific cis-acting destabilizing sequences like AU-rich elements
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and microRNA binding sites which mostly reside in UTRs (155, 157). The B-globin
gene of Xenopus at 5- and 3-UTRs were demonstrated to provide greater
translational efficiency on heterologous mRNA in the mouse NIH 3T3 fibroblast cell
line (158). Codon usage is also considered as a factor affecting the efficiency of
translation relating to tRNA concentration (159). Moreover, mRNA stability can be
regulated by sequence-engineered mRNA (160). Kozak sequence (5’-GCCRCCAUGG-3’;
R is a purine base) is recommended to be part of a start codon which helps in
translation efficiency (161). Accordingly, basic elements of synthetic mRNA contain a
protein-encoding ORF flanked at 5’-end with a “cap” via a 5' triphosphate, 5'- and 3'-
UTRs and a poly(A) tail at the 3-end.

Following the transcription, the pDNA template is digested by DNase (155).
The contaminants within a mixture with desired mRNA transcript including various
nucleotides, oligodeoxynucleotides are removed by lithium chloride (LiCl)
precipitation (162). In addition, foremost transcriptional by-product of an IVT is dsRNA
which activates MDA5, protein kinase receptor (PKR) and oligoadenylate synthase
(OAS). The activation of cytoplasmic RNA sensors PKR and OAS inhibit protein
translation through phosphorylation of elF2Ql and overexpression of ribonuclease L
that degrades foreign and cellular RNA (155) . However, dsRNA can be efficiently
removed by selective binding of dsRNA to cellulose-packed column filled with 16%
ethanol-containing buffer. The removal rate of two-cycle purification is as high as
90%, and the recovery rate of pure IVT mRNA is more than 65%. Ranges of dsRNA
which can bind to cellulose are between 30 to 1,000 bp (163). IVT mRNA can also be
purified by a high-performance liquid chromatography (HPLC) that separates mRNA
according to size, yielding a pure mRNA product (153, 164). The increase of protein
expression was observed when transcripts coding for luciferase was purified by HPLC

(165).
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Purified unmodified IVT mRNA continues to induce high level release of IFN-I
through activation of TLR-7. Activation of this receptor results in upregulation of gene
transcription coding for IFN-I, proinflammatory cytokines such as IL-6, IL-12, TNF and
chemokines (166) but it can be circumvented by incorporation of N1-
Methylpseudouridine (m1W) which has a lower affinity to the innate immune
receptor and can diminish PKR activation which leading to translation inhibition (167,
168). Interestingly, mice immunized with unmodified mRNA elicited higher levels of
CD8 T cell response and IFN-QL in serum after 6 hrs of administration compared to
nonimmunogenic-m1W containing mMRNA. This results perhaps due to benefits of IFN-
| release as a result of activation of innate immune receptors and cross-present

antigen to mount an adaptive immune response (169) as shown in Figure 2.6.
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Figure 2.6 Designing of an mRNA vaccine and mechanism of action of mRNA-LNP

MRNA molecules are synthesized in vitro with the substitution of uridine with N1-

methylpseudouridine (m1W). mRNAs encoding target antigens are encapsulated in

lipid nanoparticles (LNPs) which protect mRNA from degradation by RNase. mRNA-
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LNPs enter cells by endocytosis. There is an interaction between cationic lipids in the
LNP with anionic lipids of the endosome membrane which induces hexagonal Hill
phase formation, leading to disruption of the endosome membrane and release
MRNA into the cytosol. ssRNA can be sensed by endosomal innate immune
receptors. TLR7 and 8 can bind to uridine base in the sequence of ssRNA and trigger
signaling  cascades of NF-kB and IRF7  transcription  factor  which
subsequently triggering of proinflammatory cytokines and IFN-I production. [FN-I
helps in upregulation of the costimulatory and MHC molecules. mRNAs are
translated in the cytoplasm by ribosome and subsequently processed by the
proteasome, and the generated peptide enter the endoplasmic reticulum (ER) where
they are loaded onto MHC class | molecules. The peptide-MHC class | complexes are
presented to CD8" T cells. The translated proteins can also be phagocytosed into
endosome and fused to lysosome and the proteins are degraded by lysosomal
enzyme and peptides can be loaded onto MHC class Il molecules. The peptide-MHC
class Il complexes are presented to CD4" T cells. Eventually, activated T cells are
fully primed to become effector cells by IFN-I (Modified from Xu, S., et al., 2020
(170)).

2.7.2 mRNA cancer vaccines

Ex vivo transfection of DCs with mRNA for adoptive transfer to patients was
the first mRNA-based cancer vaccine entering clinical trial (171). Recently, non-viral
vectors loaded with IVT mRNA-based vaccines have been extensively investigated in
clinical trials. IVT mRNA-based non-cancer vaccines encoding immunostimulants such
as IL-12, IL-32, OX40L, CD40L, and CD70 that induce APC maturation and promote
antigen-presentation required for potent T-cell mediated immunity are usually co-
administered with cancer vaccines or checkpoint inhibitors in order to break the
establishment of immunosuppressive tumor microenvironment and induce a potent

immune responses. Multiple VT mRNA-based cancer vaccines encoding a cocktail of
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TAAs which preferentially expressed in malignant cells such as NY-ESO-1, MAGE-A3,
tyrosinase, TPTE, g¢p100, and melano-A/MART-1 identified as TAAs for melanoma and
MUC-1, surviving, Trophoblast Glycoprotein, NY-ESO-1, MAGE-C1, and MAGE-C2
identified as TAAs for non-small cell lung cancers (NSCLC) are currently tested in
clinical trials. With the advance in antigen selection technologies, personalized target
neoantigens can be identified for encoding in mMRNA cancer vaccines.

Table 2.1 List of active, or completed clinical trials of mRNA vaccines in cancer

therapy (modified from Miao, L., et al., 2021 (172))

NCT Status/ Cancer type mRNA and Formulat Study Results
number Phase combination ion/
therapy Route

mMRNA encoding immunostimulants

NCT03394  Recruitin Melanoma Trimix mRNA  Naked Vaccine was

937 g/ | (MmRNA MRNA/ immunogenic at
encoding in. low dose (600
CD4oL, CD70, ug) and high
acTLR4) + dose (1800 pg).
TAA:
tyrosinase,
gp100, MAGE-
A3, MAGE-C2,
PRAME
NCT01676 Comple Melanoma Trimix mRNA ~ DC- 71% disease
779 ted/ |l + TAA: MAGE-  based/ free in

A3, MAGE-C2, iv. and treatment

tyrosinase, id. group vs 35% in
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gp100 control arm
NCT01302 Comple Melanoma Trimix mRNA  DC- T-cell
496 ted/ Il + TAA + based/ stimulation
CTLA4 i.v. and were shown in
inhibitor id. 12/15 patients.
Multifunctional
CD8" T-cell
responses were
detected.
NCT03739  Recruitin  Solid Tumor ~ mRNA LNP/ it. Administration
931 g/ | or lymphoma encoding can be
OXaoL, IL-23, associated with
IL-36Y + PD- tumor shrinkage
L1 inhibitor (52% Tumor
reduction.
Elevated IFN-Y,
TNF-QL, and PD-
L1 levels were
detected.
mRNA encoding tumor-associated antigens (TAAs)
NCT00923 Comple NSCLC MAGE-C1, RNActive  Median
312 ted/ I/l MAGE-C2, NY-  (Protamin  progression-free
SEO-1, e) id. and overall

survivin, 5T4

survival were 5
and 10.8

months.
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NCT00831 Comple Prostate PSA, PSCA, RNActive/ Vaccine was
467 ted/ /Il cancer PSMA, id. well tolerated
STEAP1 and
immunogenic
NCT00204 Comple Melanoma Melan-A, Naked Not available
516 ted/ I/l Mage-Al, MRNA/
Mage-A3, id.
survivin,
gp100, and
tyrosinase
mRNA encoding neoantigens (Neo-Ag)
NCT02035 Comple Melanoma Neo-Ag Naked 60% of
956 ted/ | MRNA/ neoantigens
in. elicited a T- cell
response.
NCT03289  Recruitin  Melanoma, Neo-Ag + PD-  Lipo- The release of
962 g/ | NSCLC, L1 inhibitor MERIT/ pro-
Bladder V. inflammatory
Cancer, CRC, cytokines and
Breast Cancer peripheral T-
cell responses
were induced.
NCT03815  Recruitin  Melanoma Neo-Ag + PD-  Lipo- Not available
058 g/ |l 1 inhibitor MERIT/

A%
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2.7.3 Delivery systems for mRNA vaccine

Since the advance of delivery technologies helps in success of cytosolic
delivery of mRNA (173). Various delivery systems have been invented. RNA-
conjugates linked mRNA to molecules which protect mRNA from degradation, but it
can cause serum protein binding and aggregation which leading to vascular blockage
(174). Viral vectors have an immunogenicity and carcinogenicity concerns and are
difficult in production (24, 175, 176). Although non-viral vectors provide less
transfection efficiency, they are simpler to synthesize and provide larger capacity to
carry larger payloads, contain lower immunogenicity. In addition, due to no previous
immune response in patients, multiple time of boost is applicable (177). Presently,
lipid nanoparticles (LNPs) are the most commonly used of non-viral vector for
delivery of nucleic acids because of ease in scale up manufacture, and protection of
mRNA from hydrolysis by ubiquitous ribonucleases, and targeting specific cells (178),
as well as help in rapid uptake, and mRNA escape to the cytoplasm (179-182). In
addition, encapsulation in LNPs can increase the payloads which combined multiple
MRNA encoding antigens and lead to induce strong immune response after a single
immunization (183).

Main composition of LNPs includes cationic lipids, phospholipid, cholesterol,
and polyethyleneglycol (PEG) (26). 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) has a permanent positive charge amine head group coupled to a glycerol
backbone with two oleoyl chains. The backbone and chains are linked with
hydrolysable ester bonds, which causes a biodegradable DOTAP and cytotoxicity
reduction (184). DOTAP is completely protonated at pH 7.4 and more energy is
required to separate DNA from it after delivery into the cell. For effective gene
delivery, it should be combined with a helper lipid such as 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE). DOPE promotes an inverted hexagonal H (I) phase,

which destabilizes endosomal membranes and facilitates endosomal escape of LNPs
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(185). Phospholipids possess polymorphic features which promote a transition from a
lamellar to a hexagonal phase in endosome (186). Cholesterol plays a stabilizing
element role. A higher cholesterol content provides a lower transition temperature,
which helps in the transition from lamellar to hexagonal phases (187). Lipid-anchored
PEGs act as a barrier to reduce nonspecific binding of proteins to LNPs and increase
the blood circulation time by lowering interactions with the anionic membranes of
blood cells and, thus, improve the biocompatibility of LNPs (188). However,
PEGylated lipid causes reduction of cellular uptake and interaction with the
endosomal membrane (179, 189). The studies reported the toxic effects of cationic
lipids despite of high transfection efficiency (190, 191). Afterwards, ionizable lipids
were investigated which contained amine groups to provide a neutral or mildly
cationic surface charge at physiological pH. At low pH, the ionizable lipid has a
positive charge which enable complex with negatively charged nucleic acid. After
uptake of mMRNA-LNPs via endocytosis, the acidification in the endosome causes an
ionization of the amine groups and helps in induction of hexagonal phase structure,
which disrupts the membrane of the late endosomes (192, 193). Besides endosomal
escape, the surface charge can also influence nanoparticle transportation. Small-
sized negatively charged particles are efficiently transported to dLNs and reached the
T cell zone (194).

LNP size is another key parameter. The size of particles less than 10 nm
mainly enters blood capillaries rather than the lymphatic capillaries (195). Only
diameter smaller than 200 nm can g¢o through the lymphatic capillaries and
consequently drains to the peripheral lymphatics and specifically 30 nm can reach to
the T cell zone (196-198). The cellular transport by DCs is required for LN delivery of
large particles (size > 200 nm) (199). APCs dwell at high density in LNs and spleen.
MRNA can be injected directly in the LNs (193) or LNPs can be decorated with

specific lisand on the surface to target LNs and effectively target to APCs (196). mRNA
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complexed with LNPs functionalized with mannose can facilitate mRNA uptake by
DCs in lymphoid organ and inhibit tumor growth and metastasis (197). LNPs have
successfully used for the delivery of nucleic acid in many clinical trials (200) including
COVID-19 mRNA vaccines of the Pfizer-BioNTech (201) and Moderna (202) which
approved for emergency use by the United States Food and Drug Administration in
December 2020.

2.7.4 Routes of administration for mRNA

Routes of administration are also important for targeting vaccine to lymphoid
organs and induce effective immune responses. For both local and systemic
immunization of MRNA vaccine, the utmost peak of IFN-Ol concentration in the
circulation was at 6 hrs post immunization (18, 203). Recent reports have attributed
contradictory impact of IFN-I in modulating CD8" T cell immunity, from stimulatory to
inhibitory which determined by the timing and intensity of IFN-I induction relative to
TCR activation. The kinetics expression of mRNA encoding firefly luciferase in
secondary lymphoid organs upon intravenous (iv.) injection showed high peak
between 1 and 4 hrs in splenic DCs. Therefore, antigen presentation of DCs to
activate splenic TCR signaling happen before IFNAR triggering. IFN-I functions as ‘signal
3’, in promoting the expansion and differentiation of primed CD8" T cells into
cytolytic effector cells (18). The vital of IFN-QL in initiating CD8" T cell immunity upon
systemic immunization of mice with mRNA vaccines was reported. In an absence of
IFN signaling prohibited effector cytokine secretion from CD8" T cells (31). In contrast
with local delivery, protein antigen was predominantly expressed in transfected cells
at the site of injection and took several hours for antigen uptake by Langerhans and
migrated to dLNs for antigen presentation and TCR signal triggering. So, IFNAR
triggering is likely to happen before TCR triggering, designating an antiproliferative and
apoptotic program in CD8" T cells (204, 205). Recently, the observation of

intradermal vaccination with mRNA lipoplexes in an absence of IFN-I signaling, mice
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showed an increase of antigen specific CD8" T cell response and elicited a B160OVA
melanoma growth control. This study indicates a detrimental effect of IFN-I in local
delivery system (18). Intramuscular injection (i.m.) is preferred route of administration
due to its simpler for implementation. Since few immune cells harbored in skeletal
muscle, a local inflammation such as treatment with adjuvants which caused
transient inflammation at the injection site is required to promote immune cell
recruitment and activation for induction of an efficient immune responses (206-208).
Moreover, adjuvant can predict the particular type of immune response being
generated in order to provide the right arms to fight against the rivals (209, 210). The
ideal of cancer vaccine adjuvant must drive a robust Thl-polarized and cell-
mediated immunity response. MRNA vaccines possess a self-adjuvanticity by
triggering release of immunostimulatory molecules (204) which interact with innate
immune sensors on APCs which provide signaling cascades, resulting in mature APCs
(104, 211). Thus, the difference of composition of mRNA vaccines, the quality of the
MRNA, and the route of administration effect on innate immunogenicity and type of
immune cell responses and impact the kinetics of antigen presentation which

augment cytotoxic T cell responses.

2.8 Murine melanoma model

Malignant melanoma is the most dangerous skin cancer which developed from
uncontrolled cellular growth of pigment-producing cells known as melanocytes
mainly due to DNA damage from ultraviolet radiation exposure (212). Normally, once
melanoma cancer spreading from original site to distant organs and tissues, it
becomes incurable and causes deaths. The low immunogenicity and
immunosuppression of cancer are associated with a low survival rate in metastatic
melanoma patients (213). The incidence of death for patients who diagnosed with

melanoma in the world in 2018 was 287,723 people accounting for 1.6% of all new
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cancer cases and 60,712 people died accounting for 0.6% of all cancer deaths (214).
The American Cancer Society reports incidences of melanoma in the United States in
2021 are about 106,110 new melanoma cases and about 7,180 people are expected
to die of melanoma (215). The main current treatment, surgical excision is efficient
only at early stage of melanoma. At late and metastatic stages, combination
therapeutics to target specific mutated genes is needed, such as BRAF which
frequently has the base substitution in advanced melanoma (216). Nevertheless, the
limitation in duration of responses due to development of acquired resistance
emerged after BRAF inhibitor treatment (217, 218).

B16 melanoma of C57BL/6 mice is an established tumor model for human
melanoma. In subcutaneous model, palpable tumor will form within 10 days after
implantation (1x10° cells) and tumor size will reach 1,000 mm? by day 21 (219).
Recently, combination treatment of PD-L1 small interfering RNA and mRNA vaccine
encoding tyrosinase related protein-2 exhibited effective treatment in a B16F10
melanoma mouse model associated with downregulation of PD-L1 in APCs and
induction of cytotoxic T cell and humoral immune responses (220, 221). Moreover,
tumor growth was significantly eradicated upon multiple boost of ovalbumin
encoding mRNA on day 3, 7, 10, and 17 after tumor inoculation in contrast to mice in

the control group died within 40 days (222).
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CHAPTER Il
MATERIALS AND METHODS

3.1 Animals

All C57BL/6 mice were purchased from Charles River Laboratories (Wilmington,
MA, USA) or Nomura Siam International (Bangkok, Thailand). Age-matched (6-12
weeks) female mice were used in all experiments. Mice were maintained in a specific
pathogen-free facility, and all protocols involving laboratory animals were approved
by the institutional animal care and use committee (IACUC) at the University of
Pennsylvania and Chulalongkorn University (Protocol Review No. 803941; 1723013,
1873005; 003/2565). The results are reported in accordance with the ARRIVE

Guidelines (223).

3.2 Cell cultures
3.2.1 RAW264.7 cell line
RAW264.7, a murine macrophage cell line (ATCC TIB-71) was cultured in

DMEM complete media containing DMEM supplemented with 10% (v/v) FBS, 10 mM
HEPES, 1 mM sodium pyruvate and 1x Penicillin/Streptomycin G at 37°C with 5% CO..

3.2.2 Generation of bone marrow-derived macrophages (BMDMs)
3.2.2.1 L929-conditioned medium preparation
L929 cell, a murine fibroblast cell line (ATCC CCL-1) was seeded at

5x10° cells in tissue culture-treated plate (Corning, NY, USA) and cultured in 8 ml of
DMEM complete media containing DMEM supplemented with 10% (v/v) FBS, 10 mM
HEPES, 1 mM sodium pyruvate and 1x Penicillin/Streptomycin G at 37°C with 5% CO,.
After 95% confluence of the cells, the culture supernatant was collected and filtered

through 0.22 pm filter (MF-Millipore, Germany).
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3.2.2.2 BMDMs differentiation

Bone marrow cells (BMs) were flushed from humerus, femur and tibia
of 6-8 weeks old C57BL/6 mice. BMDMs were prepared according to the protocol
previously described (224). Briefly, BMs were cultured in non-treated cell culture
petri dish (Hycon Plastics) with 8 ml of DMEM complete media containing DMEM
supplemented with 10% (v/v) FBS, 10 mM HEPES, 1 mM sodium pyruvate and 1x
Penicillin/Streptomycin G, supplemented with 5% (v/v) horse serum, and 20% (v/v)
L929-conditioned media. On day 4, three ml of fresh media supplemented with 20%
L929-conditioned media and 5% horse serum was added to the culture. Cells were
harvested on day 7 using ice-cold phosphate buffer saline (PBS). Macrophage
phenotype was confirmed by flow cytometry by staining using mouse anti-F4/80 and
CD11b antibodies (BioLegend, USA). The derived BMDMs were seeded at 5x10*
cells/well in 200 ul of DMEM complete media in 96-well plate before transfection.

3.2.3 Generation of bone marrow-derived dendritic cells (BMDCs)

BMDCs were prepared according to the protocol previously described (225).
Briefly, BMs were cultured in 96-well tissue culture treated plate at 1x10* cells/well
in 100 pl of BMDC media containing RPMI-1640 supplemented with 10% (v/v) FBS, 10
mM HEPES, 1 mM sodium pyruvate, 1x Penicillin/Streptomycin G, 1x GlutaMAX™
(Gibco, USA), 1x MEM Non-Essential Amino Acid (Gibco, USA), 55 uM [3
mercaptoethanol (Gibco, USA). On day 0, recombinant mouse GM-CSF (20 ng/ml)
(Peprotech, USA) was added to the media. On day 3, 6, and 8, fresh BMDC media
containing recombinant mouse GM-CSF (20 ng/mL) were added. On day 10, the
culture supernatant was discarded and the same volume of fresh BMDC media
containing recombinant mouse GM-CSF (20 ng/mL) and recombinant mouse IL-4 (10
ng/mL) (Peprotech, USA) were added. On day 11, % the volume of culture
supernatant was discarded and the same volume of fresh BMDC media containing

recombinant mouse GM-CSF (20 ng/mL) and recombinant mouse IL-4 (5 ng/mL) was
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added. The derived BMDCs were cultured in BMDC media without cytokines and
used for transfection on day 12. DC phenotype was confirmed by flow cytometry by
staining with mouse anti-CD11c, MHC class I, CD40, CD86 antibodies (BiolLegend,
USA).

3.2.4 Tumor cell lines

B16F10-Luc2 melanoma cell line was obtained from the American Type
Culture Collection (ATCC CRL-6475-LUC2™). This cell line was generated by lentiviral
transduction of luciferase under the control of the EF-1 alpha promoter. Cells were
maintained in DMEM media supplemented with 10% FBS and 10 pg/ml Blasticidin
(InvivoGen, USA). The culture was maintained in CO, incubator at 37°C, 5% CO..

The ovalbumin (OVA)-expressing B16F0-OVA cell line was kindly provided by
Dr. Edith Lord (Univ. Rochester, Rochester, NY). Cells were maintained in RPMI-1640
supplemented with 10% FBS, 10 mM HEPES, 1 mM sodium pyruvate, 1x GlutaMAX™,
1x  MEM  Non-Essential Amino Acid, 55 puM B—mercaptoethanol, 1x
Penicillin/Streptomycin G and G418 (400 pg/ml) (InvivoGen, USA). The culture was

maintained in CO, incubator at 37°C, 5% CO.,.

3.3 RNA constructs and in vitro transcription

Plasmid templates for in vitro transcription of antigen-encoding RNAs were based
on the previously published pUC-ccTEV-A101 vector (181). pUC-ccTEV-ovalbumin-
A101 (OVA), pUC-ccTEV-neoantigens-A101 (Neo), pUC-ccTEV-luciferase-A101 (Luc2)
and pUC-ccTEV-mCherry-A101 vectors were synthesized by GenScript (Piscataway, NJ,
USA). The Neo construct contained the sequence encoding two point-mutated 27-
meric peptides (Pbk and Actnd) linked by a sequence encoding a 10 amino-acid long
glycine-serine linker. The mRNAs were produced from plasmids encoding codon-
optimized antigens. Plasmids were linearized with restriction enzyme including Aflll

and Notl (New England BioLabs, USA). In the transcription procedure, the MEGAscript
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T7 Transcription Kit (Ambion, USA) was used. Percent of N1-methylpseudouridine-5-
triphosphate (m1W) (TriLink) and UTP nucleotides were varied by mole (0, 5, 10, 20,
30, 40, 50, 60, 70, 80, 90 and 100% m1W). RNAs were capped using CleanCap AG
(3’OMe) (TriLink, USA). The mRNA was purified by cellulose purification, as described
(163). All RNAs were analyzed for the integrity by native agarose gel electrophoresis

and dot blot analysis. mRNAs were stored frozen at —80°C until use.

3.4 Cellular transfection with mRNA

BMDMs were harvested after 7-days of differentiation as described above with
cold PBS and seeded 5x10% cells/well in 200 pl of DMEM complete media in a 96-
well plate. BMDCs were used for transfection after 12 days of differentiation. BMDCs
and BMDMs were incubated with mRNA encoding mCherry or luciferase complexed
with lipid nanoparticles (LNPs) (Acuitas Therapeutics, Canada) or TransIT transfection
reagent (Mirus Bio, USA) (0.1 pg mRNA). This complex was added to cells. Reporter
proteins in mRNA-transfected cultured cells were detected and quantified at 48 hrs
after transfection. mCherry positive cells were quantified by LSR Fortessa flow
cytometer (BD Biosciences, USA) and analyzed with FlowJo 10.6.0 software (Tree Star,
USA). For firefly luciferase expression, cells were lysed in firefly-specific lysis reagent
(Promega, USA). Aliquots were assayed for enzyme activity using the firefly luciferase
assay system (Promega, USA) and a MiniLumat LB 9506 luminometer (Berthold/EG&G;

Wallac, USA).

3.5 In vivo cellular uptake and protein expression

Mice were injected intramuscularly (im.) with 5 pyg of mCherry encoding mRNA-
LNP per mouse. Draining lymph node (inguinal) and spleen were excised 48 hrs after
injection. Single-cell suspensions were prepared by crushing the tissues between

frosted microscope slides (Sail brand, China). Cells were filtered through a 70-um cell
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strainer (BD Falcon, USA), washed twice, and stained with LIVE/DEAD Fixable Aqua
Dead Cell Stain Kit (Life technologies, USA) for 10 minutes at room temperature.
Then, cells were washed once in FACS buffer containing 2% (v/v) FBS in PBS and
cells were blocked with purified anti-mouse CD16/CD32 (0.5 pg) (BD Biosciences, USA)
for 20 minutes at 4°C. Monoclonal antibodies for extracellular staining shown in
Table 3.1 were stained for 30 minutes at 4°C. Cells were washed and fixed in PBS

containing 1% paraformaldehyde (Sigma-Aldrich, USA) then acquired on an LSR

Fortessa flow cytometer and analyzed with FlowJo 10.6.0 software.

Table 3.1 List of antibodies used for detection of in vivo cellular uptake and

expression

Antigen/ Clone/ Manufacturer Catalog Amount used per
Fluorophore number 2x10° cells in 100 pl
CD11c, clone N418, APC BioLegend, USA | 117310 0.2 yg

MHCII, clone M5/114.15.2, BiolLegend, USA | 107622 0.2 pg

AF700

XCR1, clone ZET, BV650 BioLegend, USA | 148220 0.2 yg

CD103, clone 2E7, APC/Cy7 | BioLegend, USA | 121432 0.2 pg

CD11b, clone M1/70, BV421 | BioLegend, USA | 101236 0.2 pg

F4/80, clone BM8, PE/Cy7 BioLegend, USA | 123114 0.2 pg

CD172a, clone P84, FITC BioLegend, USA | 144006 0.5 pg

CD301b, clone URA-1, PE BioLegend, USA | 146804 0.2 yg

CD40, clone 3/23, PE/Cy5 BioLegend, USA | 124618 0.2 pg

CD86, clone GL-1, PE BioLegend, USA | 105008 0.2 yg

B220, clone RA3-6B2, BV711 | BioLegend, USA | 103255 0.2 yg

NK1.1, clone PK136, BV711 BioLegend, USA | 108745 0.2 pg

CD3, clone 17A2, BV711 BioLegend, USA | 100241 0.2 pg
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TER119, clone TER119, BioLegend, USA | 740686 0.2 pg
BVT711
CD19, clone 6D5, BVT711 BioLegend, USA | 115555 0.2 yg

3.6 Ex vivo tissue imaging study

Mice were injected intradermally (i.d.) or im. with 5 ug of luciferase encoding
mMRNA complexed with LNPs (Luc mRNA-LNP). Four hrs later, lymphoid tissues and
organs including inguinal lymph nodes, spleens, livers, lungs, hearts, kidneys were
harvested for ex vivo tissue imaging to assess signal biodistribution. The images were
evaluated by using the IVIS spectrum imaging system (Caliper Life Sciences, USA) and

analyzed with the IVIS Living Image 4.0 software (Caliper Life Sciences).

3.7 Bioluminescence imaging

Uptake and translation of mRNA encoding luciferase were evaluated by in vivo
bioluminescence imaging using the IVIS spectrum imaging system. The expression of
luciferase was measured at 4 hrs after i.d. or i.im. injection of 5 pg Luc mRNA-LNP and
every 24 hrs on day 1-14 post-injection. Mice were anesthetized in a chamber with
3% isoflurane and administered D-luciferin (PerkinElmer) at a dose of 150 mg/kg
intraperitoneally (i.p.) and placed on the imaging platform while being maintained on
2% isoflurane via a nose cone. Mice were imaged at 5 minutes post administration of
D-luciferin using an exposure time of 1 second or longer to ensure that the signals
were above the noise levels and below the saturation limit. The photon fluxes
(photons/second) were measured in the region of interest which was defined by

using the IVIS Living Image 4.0 software.



3.8 Melanoma tumor model

3.8.1

Immunogenicity study

40

Eight weeks old C57BL/6 female mice were randomly divided into 11 groups

(n = 5 per group) as shown in Table 3.2. Vaccination was performed by i.m. injection

of 10 pyg mMRNA-LNP in 35 pl PBS (Gibco, USA). Mice were immunized with LNPs

loaded MRNA encoding ovalbumin (OVA mRNA-LNP) or neoantigen (Neo mRNA-LNP)

on day 0 and boosted on day 4 with the same dose and formulation. Luciferase or

mCherry encoded mRNA-LNP was used as a control. Mice were sacrificed 7 days after

the booster dose to collect blood and spleens (Figure 3.1).

Table 3.2 Vaccine formulas (per dose) for testing immunogenicity of OVA and

neoantigen model vaccines

Group No. Construct Percentage of m1W in mRNA

1 pUC-ccTEV-ovalbumin-A101 0

2 a0

3 70

q 100

5 pUC-ccTEV-luciferase-A101 100

6 PBS (negative control for ovalbumin | -
vaccine)

7 pUC-ccTEV-neoantigen-A101 0

8 100

9 pUC-ccTEV-mCherry-A101 0

10 100

11 PBS (negative control for neoantigen | -

vaccine)




41

1t immunization

(i.m.) Boost (i.m.)
‘ ‘ Euthanasia
‘ Day 0 4 11
I i |
CS57BL/6 ‘
female
8 weeks old Spleen & Blood

Figure 3.1 Schematic immunization regimen for immunogenicity test

3.8.2 Restimulation of splenocytes with synthetic peptides

For an in vitro re-stimulation of splenocytes, a pool of six synthetic peptides
(Jerini Peptide Technologies, Germany) of 11-27 amino acids (a.a.) in length of B16F10
neoantigens (Pbk and Actnd), with eight overlapping residues were used. The purity
of the peptides was > 95% with HPLC purification. Peptides were derived from the
mutated sequences of Pbk (PAAVILRDALH, VILRDALHMAR and
DSGSPFPAAVILRDALHMARGLKYLHQ) and Actn4 (FQAFIDVMSRE, FIDVMSRETTD and
NHSGLVTFQAFIDVMSRETTDTDTADQ). Peptides were used at the final concentration of
2.5 pg/ml per peptide. A synthetic peptide of 8 a.a. in length from the sequence of
ovalbumin (H2-K°-restricted OVA,s7.064 SINFEKL) (Invivogen, USA) was used at a
concentration of 2.5 yg/ml.

3.8.3 Therapeutic efficacy test
3.8.3.1 Localized melanoma
Eight weeks old C57BL/6 female mice were randomly divided into 10
groups (n = 6-10 per group) as shown in Table 3.3.

3.8.3.1.1 OVA model

Anesthetized mice were injected subcutaneously (s.c.) into the
flank with 2x10° cells of B16FO-OVA tumor cell lines in 200 pl of sterile Hanks'

balanced salt solution (HBSS) (Gibco, USA) on day 0. Two doses of 10 pg of
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ovalbumin or luciferase (irrelevant antigen) encoded mRNA-LNP were administerd
im. on day 4 and 8 after tumor inoculation.

3.8.3.1.2 Neoantigen model

Anesthetized mice were injected subcutaneously (s.c.) into the
flank with 2x10° cells of B16F10-Luc2 tumor cell lines in 200 pl of sterile HBSS on
day 0. Two doses of 10 ug of neoantigens or mCherry (as irrelevant antigen) encoded
MRNA-LNP were administerd im. on day 4 and 8 after tumor inoculation. Tumor
growth was monitored 2-3 times a week, and the survival was recorded for at least
60 days (Figure 3.2). Tumor volumes were monitored by using vernier caliper and
calculated using the equation: V = (4x3.14xA x B%)/3, where V = volume (mm?), A =
the largest diameter (mm), and B = the smallest diameter (mm) (31). Mice were
sacrificed when tumor size reached 20 mm in diameter or 400 mm? (226).

Table 3.3 Vaccine formulas (per dose) for therapeutic test of OVA and neoantigen

model antigen vaccines

Group Tumor cell Construct Percentage of m1W in mRNA
No. line
1 B16F0-OVA | pUC-ccTEV-ovalbumin- | O
2 Al101 100
3 pUC-ccTEV-luciferase- | 0
4 Al101 100
5 PBS (negative control) | -
6 B16F10-Luc2 | pUC-ccTEV- 0
7 neoantigen-A101 100
8 pUC-ccTEV-mCherry- 0
9 Al101 100
10 PBS (negative control) | -
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Figure 3.2 Schematic immunization regimen for therapeutic efficacy test

3.8.3.2

Metastatic melanoma

Eight weeks old C57BL/6 female mice were divided into 5 groups (n =

6 per group) as shown in Table 3.4. Mice were injected intravenously (i.v.) through

lateral tail veins with 2x10° cells of B16F0-OVA tumor cells in 200 pl of sterile HBSS.

Mice were immunized with 10 pg of mRNA encoding ovalbumin or PR8HA (irrelevant

antigen) on day 4 and 8 after tumor inoculation. On day 18, mice were euthanized

with isoflurane (Figure 3.3). Lungs were fixed and bleached in Fekete’s solution to

count the tumor nodules on the lung surface.

Table 3.4 Vaccine formulas (per dose) for study of lung metastasis inhibition of

model vaccine

Group No. | Tumor cell Construct Percentage of m1W in mRNA
line

1 B16F0-OVA | pUC-ccTEV-ovalbumin- | 0

2 A101 100

3 pUC-ccTEV-PR8HA- 0

4 A101 100

5 PBS (negative control) | -
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Figure 3.3 Schematic immunization regimen for lung metastasis inhibition study

3.9 Serum and tissue preparation

Peripheral blood was collected from the orbital sinus with capillary tube (Hirsch
mann, Germany). The collecting blood was left at room temperature for 30 minutes
and serum were collected after centrifugation at 10,000 g, 5 minutes. Serum were
stored at -80°C until use.

Spleens and lymph nodes were collected, and single-cell suspensions were
prepared in RPMI-1640 containing 10% (v/v) FBS after homoginization by frosted
microscope slides and passed through 70-um cell strainer. Erythrocytes in splenocyte
suspension were removed by ACK lysing buffer (Quality Biological, USA).

Murine B16 tumors were harvested and chopped into small pieces (1-2 mm).
Cells were washed once with 10% (v/v) FBS in RPMI-1640. After centrifugation at
2,000 rpm for 10 minutes at 4°c, 1 mg/ml collagenase IV (Sigma-Aldrich, USA) and 100
mg/ml DNase | (Sigma-Aldrich, USA) in RPMI-1640 containing 10% (v/v) FBS, 1x
Penicillin/Streptomycin G, 55 M B—mercaptoethanol were added and incubated at
37°C for 20 minutes in 250 rpm shaking incubator to disperse aggregates and facilitate
digestion to release stromal cells. Then, cells were passed through 40-pm cell
strainer and grinded the small pieces on the strainer with syringe and rinsed with 2%
(v/v) FBS in RPMI-1640 to pass all remaining cells through the strainer. Cells were was
hed once with 2% (v/v) FBS in RPMI-1640 and centrifuges at 2,000 rpm for 10 minutes

at 4°c. Erythrocytes in tumor suspension were removed by ACK lysing buffer. Cell
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numbers were counted with Vi-Cell XR cell counter (Beckman Coulter, USA).

3.10 Cell surface staining and intracellular cytokine staining (ICS) of in vitro re-
stimulated splenocytes

After in vitro re-stimulation of 2x10° splenocytes with peptide OVA,s7.64 SINFEKL
(2.5 pg/ml) or a pool of six synthetic peptides of Pbk and Actnd neoantigens (2.5
ug/ml per peptide) with purified anti-mouse CD28 antibody (1 ug/ml) (BiolLegend,
USA) for 6 hrs in the presence of brefeldin A (20 pg/ml), and GolgiStop™ (40 ug/ml)
(BD Pharmingen, USA) for the last 5 hrs, cells were washed in PBS and stained with
the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit for 10 minutes at room temperature.
Cells were washed once in FACS buffer containing 2% (v/v) FBS in PBS and blocked
with purified anti-mouse CD16/CD32 (0.5 pg/sample) for 20 minutes at 4°C. Cells
were washed once in FACS buffer and the cell surface markers were stained for 30
minutes at 4°C. Cells were then fixed and permeabilized by Fixation/Permeabilization
solution (BD Biosciences, USA) for 20 minutes at 4°C. After two times washing in 1x
BD Perm/Wash buffer (BD Biosciences, USA), the fixed/permeabilized cells were
stained for detecting intracellular cytokines for 30 minutes at 4°C. Three times of the
final wash was performed in 1x BD Perm/Wash buffer and cells were resuspended in
FACS buffer. Monoclonal antibodies for surface staining and ICS staining were listed in
Table 3.5. Flow cytometric data were acquired on an LSR Fortessa flow cytometer

and analyzed with FlowJo 10.6.0 software.

3.11 Cell surface staining of tumor infiltrating immune cells

After single cell suspensions from tumor mass were prepared as stated above,
cells were counted, and 2x10° cells were stained with the LIVE/DEAD Fixable Aqua
Dead Cell Stain Kit or PI (BioLegend, USA) for 10 minutes at room temperature. Cells

were washed once in FACS buffer and blocked with purified anti-mouse CD16/CD32
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(0.5 pg) for 20 minutes at 4°C. Cells were washed once in FACS buffer and the cell
surface markers were stained for 30 minutes at 4°C. The final wash was performed
once in FACS buffer and cells were resuspended in FACS buffer. Monoclonal

antibodies for cell surface staining were listed in Table 3.5.

Table 3.5 List of antibodies and concentration used for surface and intracellular

cytokine staining

Antigen/ Clone/ Manufacturer Catalog | Amount used per
Fluorophore number | 2x10° cells in 100 pl
CD3, clone 17A2, biotin BiolLegend, USA | 100244 0.25 pg

CD3, clone 17A2, FITC BiolLegend, USA | 100204 0.5 ug

CD3, clone 17A2, BV605 BiolLegend, USA | 100237 0.25 pg

CD4, clone GK1.5, AF488 BioLegend, USA | 100423 0.25 pg

CD4, clone GK1.5, BioLegend, USA | 100434 0.2 ug
PerCP/Cy5.5

CD8, clone 53-6.7, PE BioLegend, USA | 100708 0.25 pg

CD8, clone 53-6.7, BV785 BioLegend, USA | 100750 | 0.2 ug

CD44, clone IM7, BV650 BioLegend, USA | 103049 0.2 g

CD62L, clone MEL-14, BioLegend, USA | 104426 0.5 pg

AF700

PD-1, clone RMP1-30, BioLegend, USA | 109110 | 0.25 pg

PE/Cy7

PD-1, clone 29F.1A12, BioLegend, USA | 135224 0.2 g

APC/CyT7

F4/80, clone BM8, AF488 BioLegend, USA | 123120 | 0.25 pg

CD206, clone C068C2, PE BioLegend, USA | 141706 | 0.25 pg

IL-5, clone TRFK5, PE BioLegend, USA | 504304 0.2 ug
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IL-17A, clone TC11-18H10.1, | BioLegend, USA | 506940 | 0.2 pg
APC/CyT7
Granzyme B, clone GB11, BioLegend, USA | 515408 | 2.5 pl
Pacific Blue
IFN-Y, clone XMG1.2, FITC BioLegend, USA | 505806 0.5 pg
IFN-Y, clone XMG1.2, AF700 | BioLegend, USA | 505824 | 0.5 pg
IL-2, clone JES6-5H4, APC BioLegend, USA | 503810 0.2 ug
TNF-Q, clone MP6-XT22, BD Pharmingen, | 557644 | 0.2 ug
PE/Cy7 USA
CD69, clone H1.2F3, APC BioLegend, USA | 104514 | 0.2 ug
CD11b, clone M1/70, PE BioLegend, USA | 101208 | 0.25 pg
CD86, clone GL-1, biotin BioLegend, USA | 105004 0.25 pg
CD11c, clone N418, BV711 BioLegend, USA | 117349 0.2 g
CD45R, clone 13/2.3, PC7 Beckman A88587 0.25 pg
Coulter, USA
XCR1, clone ZET, BV650 BioLegend, USA | 148220 | 0.2 ug
CD103, clone 2E7, APC/Cy7 | BioLegend, USA | 121432 0.2 ug
CD40, clone 3/23, PE/Cy5 BioLegend, USA | 124618 0.2 g

3.12 Measurement of cytokines by ELISA

Culture supernatants from transfected BMDMs and BMDCs were harvested at 48

hrs after transfection with TransIT-complexed mRNA (0.1 pg/well). Serum collected

from immunized mice treated as indicated was prepared. Mouse IFN-QL (Invitrogen,

USA) and IFN—B ELISA (BioLegend, USA) was carried out according to the

manufacturer’s instructions. Briefly, ELISA plate was pre-coated with an anti-mouse

IFN-QL or IFN—B coating antibodies. The samples were diluted to 1:10 in PBS and
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standard was prepared in 2-fold serial dilutions. All standards and samples were run
in duplicate. The wells were washed with wash buffer and assay buffer was added to
all wells. Diluted sample or standard was added. Calibrator diluent was added to the
blank well. Biotin-conjugate was added to all wells and incubated for 2 hrs at room
temperature on microplate shaker. Wells were emptied and washed. Streptavidin-
HRP was added to all wells and incubated for 1 hr at room temperature on
microplate shaker. Wells were emptied and washed with wash buffer. 3, 3, 5, 5’-
tetramethylbenzidine (TMB) substrate solution was added to all wells and incubated
for 30 minutes at room temperature. The 2N H,SO,4 stop solution was added to all
wells and the absorption was read at 450 nm using microplate reader (Biochom

Anthos, UK).

3.13 Measurement of specific antibody titer in serum by ELISA
Firstly, 10 pg/ml (100 pl/well) of OVA whole protein (InvivoGen, USA) was coated

on 96 well MaxiSorp plate (Nunc, Denmark) in coating buffer (NaHCO5 and Na,COs in
PBS, pH 9.5) and the plate was incubated at 4°C for overnight. Next day, plate was
washed 4 times (200 pl/well) with 0.05% Tween20 in PBS and blocked (100 pl/well)
with 10% FBS in PBS for 1 hr at room temperature. Plates were washed 4 times (200
ul/well). Serial dilutions of serum were prepared (1: 20 dilution) in 10% FBS in PBS
and added (100 pl/well). After 2 hrs of incubation, plates were washed 4 times (200
ul/well) and rat anti-mouse 1gG1-HRP (Invitrogen, USA) or goat anti-mouse 1gG2c-HRP
(Cell Signaling Technology, USA) or sheep anti-mouse IgG-HRP (GE Healthcare, UK)
(100 pl/well) was added as listed in Table 3.6. Plates were incubated for 30 minutes.
After 6 times of washing step, TMB (Sigma Aldrich, USA) (100 ul/well) was added to
develop the signal and 1IN of H,SO4 stop solution (100 pl/well) was added. The

absorbance at 450 nm was measured with microplate reader.
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Table 3.6 List of antibodies and their dilution used for ELISA

Detected Antibody Manufacturer Catalog dilution

target number

lgG1 Rat anti-mouse Invitrogen, USA | 04-6120 1:3,000
lgG1-HRP

lsG2c Goat anti-mouse Cell Signaling 56970S 1:3,000
lgG2c-HRP Technology,

USA

Total IgG Sheep anti-mouse GE Healthcare, LNA931V/AH 1:5,000

lgG-HRP UK

3.14 In vivo cytotoxicity assay

Assay was performed according to the protocol previously described (227).
Briefly, single cell suspension of splenocytes were harvested from naive mice. After
washing, cells were divided into two aliquots with equal numbers. Cells were stained
with carboxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen, USA). One
aliquot was stained with 0.7 pM (CFSE'®"), another was stained with 7 pM (CFSE™")
for 15 minutes at 37°C, 5% CO, and washed once in 10% (v/v) FBS in RPMI-1640.
CFSEM" population was pulsed with 2.5 pg/ml OVA,s57.064 SIINFEKL for 40 minutes at
37°C, 5% CO,. Cells were washed three times with 10% (v/v) FBS in RPMI-1640. Each
immunized mouse received two million cells of CFSE'®" and CSFE™" (four million
cells in total). After two weeks of immunization, mice were injected iv. with a
peptide-pulsed CFSE™"  splenocytes (target cells) and non-pulsed CFSE*”
splenocytes (nontarget cells). After the transfer of CFSE-labeled cells for 18 hrs, mice

were sacrificed, and spleens were dissected. The ratio of target cells versus nontarget

cells in the spleen was measured by LSR Fortessa flow cytometer and analyzed with
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FlowJo 10.6.0 software. The % of specific target cell lysis was calculated by the
following formula:

]_00_1OOX((CFSEhi§h/CFSELOW) immunized mice / (CFSEhigh/CFSELOW) mockfmice)

3.15 In vivo blocking of IFN-I by IFNAR1-specific monoclonal antibody

B16F0-OVA cell lines were injected s.c. into mice to allow for tumor formation as
described above. At day 4 and day 8, mice were ip. injected with 400 pg/dose of
IFNAR1-specific MAR1-5A3 monoclonal antibody (mAb) (BioLegend, USA) (228) or
MOPC-21 isotype control mAb (BioLegend, USA) following previous report (229) for 1
hr before mMRNA-LNP vaccination (31). Tumor growth and immune infiltrated cells

were analyzed at day 42.

3.16 Detection of IFN-Y secreting-splenocytes by ELISpot

ELISpot was performed according to the manufacturer’s instructions (BD
Biosciences, USA). In brief, membrane on ELISpot plate was pre-wet with 70%
ethanol (15 ul/well) for 45 seconds and washed 5-times with PBS (200 ul/well) and
diluted BD NA/LE purified anti-mouse IFN-Y capture antibody in 1x PBS (1:200) was
added (100 ul/well). The plate was incubated at 4°C for overnight. The next day, the
plate was washed once (200 pl/well) with blocking solution containing RPMI-1640
with 10% (v/v) FBS, 1x Penicillin/Streptomycin G, and L-glutamine and blocked (200
ul/well) with blocking solution for 2 hrs at 37°C, 5% CO,. After dumping blocking
solution, splenocytes (2 x 10° cells/100 ul) were seeded into each well. Diluted OVA
whole protein (20 pg/ml) or concanavalin A (Sigma-Aldrich, USA) (10 pg/ml) in
blocking solution was added (100 pl/well) and the plate was incubated for 48 hrs at
37°C, 5% CO,. The plate was washed (200 pl/well) 2 times with deionized water and
3 times with 1x PBS containing 0.05% (v/v) Tween-20. Diluted biotinylated anti-

mouse IFN-Y detection antibody in 1x PBS with 10% (v/v) FBS (1:250) was added (100
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pul/well) and incubated for 2 hrs at room temperature. After 3 times washing step,
diluted streptavidin-HRP (1:100) was added (100 pl/well) and incubated for 1 hr at
room temperature. After 6 washing steps, AEC substrate solution was added (100
buV/well) and spot development was monitored for 30 minutes and the plate was
wahed with deionized water (10 times) to stop reaction and the plate was air-dried at
room temperature for overnight in dark. Spots were enumerated by ELISpot plate

reader (ImmunoSpot, USA).

3.17 LNP-based delivery system for plasmid DNA (pDNA)
3.17.1 Plasmid construct

Plasmid template was based on pVAX1 vector (Thermo Fisher
Scientific). DsRed2, red fluorescent protein was cloned into the pVAX1 vector (Figure
3.4). For validation, plasmid constructs encoding reporter genes were subjected to

Sanger sequencing.
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Figure 3.4 pVAX1-DsRed2 plasmid vector
3.17.2 LNP preparation based on commonly used lipids

LNPs with cationic net charge were used to complex with pDNA. LNP
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preparation was divided into 2 groups of different formulas. The first formula was
comprised of cationic lipid DOTAP and the helper lipid DOPE (both from Avanti Polar
Lipids, USA) at a mole ratio of 1:1 (31). The second formula was prepared from
DOTAP, DOPE and PEG2000-C18 lipid (Avanti Polar Lipids, USA) at a mole ratio of 50:
49.25: 0.75. LNPs were produced based on the thin film hydration method (230). In
brief, individual lipid stock solution was prepared in chloroform at a concentration of
2 mM, and the appropriate amounts of the stock solutions was mixed according to
the intended lipid ratio in total volume 100 pl. Sixty pl of 10 mM glucose-methanol
was added to the mixture and gently vortex for 10 seconds. To obtain lipid film,
solvent was dried using N, gas and the lipid film was left in desiccator for overnight
and was hydrated with nuclease-free water on the next day. The hydrated thin film
was left for 3 hrs at 37°C for equilibration. For size adjustment, the lipid suspension
was extruded ten times through a polycarbonate filter with 0.1 pm pore size
(Whatman, USA) using a 1 ml extruder (Avanti Polar Lipids, USA) (231). The Z-average
diameter, size distribution and zeta potential were measured at 25°C on a dynamic
light scattering system using a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern,
UK).

3.17.3 pDNA-LNP complex formation

Electrostatic interaction of pDNA with LNPs was formed by adding an
appropriate amount of LNPs dispersion to a constant amount of pDNA (1 pg) in Opti-
MEM media (Gibco) to reach the selected N/P ratio (1:1, 1:3, 1:5, 1:7, 1:9, 3:1, 5:1, 7:1,
9:1). The mixture was incubated for 10 minutes at room temperature to allow
binding of nucleic acid to cationic LNPs. The N/P ratio represents the charge ratio of
cationic lipid to nucleotide base and was calculated from the number of positive
charge represented by lipid-specific head groups (one positive charge per head

group) and the number of negative charge represented by nucleotides (from the
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phosphodiester groups, i.e. one negative charge per phosphodiester) using the

following equations (232).

Equation 1;  Molecular weight (MW) of dsDNA = (number of nucleotides x 607.4) +
157.9

Equation 2;  Mole plasmid = 1 x 10°® g x 1 mole/ MW of pDNA

Equation 3;  Z mole of phosphate = mole plasmid x number of nucleotides

Equation 4;  N/P = number of mole of cationic lipid/ Z mole of phosphate

3.17.4 pDNA-LNP toxicity test
RAW264.7 cell lines were seeded at 1x10° cells/well in 96-well plate

for and incubated at 37°C, 5% CO, for overnight and treated with pDNA-LNP which
contained various concentrations of cationic LNPs (1x10%, 2.5x10, 5x10° mmol) for
48 hrs. Then, 10 pl of thiazolyl blue tetrazolium bromide (Alfa Aesar, UK) solution (5
mg/ml in PBS) was added to the wells and incubated for 4 hrs at 37°C. Then, DMSO
was added and mixed by pipetting to dissolve the insoluble formazan and measured
absorbance at 540 nm by microplate reader. The percentage of viable cells was
calculated by the following formula.

% cell viability = ((Absorbance of treated cells) - (Absorbance of blank)) /

(Absorbance of blank) x 100

3.17.5 Cellular transfection with pDNA-LNP
RAW264.7 cell lines were seeded 2x10° cells/well in 24-well plate and

incubated at 37°C, 5% CO, for overnight. Medium was removed and cells were
washed once with 1 ml Opti-MEM media. pDNA formulated with LNPs were prepared
by mixing the 1 pg of pDNA with specified amount of LNPs to create the various N/P
ratios (1:1, 1:3, 1:5, 1.7, 1.9, 3:1, 5:1, 7:1, 9:1). To each well, pDNA-LNP complex (250
ul) was added directly to the cells and incubated for 3 hrs before complete medium
(250 pl) was added to each well. Cells were incubated further for 21 hrs. Complete

medium was removed and fresh complete medium (500 pl) was added to each well.
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Cells were incubated further for 24 hrs at 37°C in 5% CO, incubator (233). After
incubation for 48 hrs, cells were harvested and analyzed by flow cytometry for

protein expression.

3.18 Statistical analysis

Statistical analysis were performed with Prism 8.0 (GraphPad Software). Data were
analyzed and compared with an unpaired two-tailed Student’s t test, one-way or
two-way ANOVA with Bonferroni multiple comparisons test. The log-rank test
followed by the Mantel-Cox posttest was used for the survival analysis. Statistical
significance was defined by a value of probability (p); *, **, *** for p < 0.05, 0.01,
0.001, respectively or statistical significance (p < 0.05); (@) when compared to the
unmodified nucleoside containing mMRNA encoding for target antigen, (b) when

compared to untreated control or PBS.
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CHAPTER IV
RESULTS

4.1 Translation efficiency, APC maturation, immunogenicity, and cytotoxicity
induced by different degrees of modified nucleosides in mRNA-LNP
4.1.1 Translation efficiency is inversely related to IFN-I secretion and APC
maturation and the degree of nucleoside modification.

The effect of nucleoside modified mMRNA on protein translation, [FN-I
production and APC maturation, were initially evaluated in vitro using the
commercial reagent TransIT to deliver mCherry encoding mRNA with different
degrees of m1W substitution (0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100%) into
BMDCs and BMDMs. /n vitro transfection of 0.1 pg mRNA with levels of m1W
substitution in the range of 70-100% showed significantly higher mRNA uptake and
transfection efficiency, compared to the untreated control in both BMDCs and
BMDMs at 48 hrs post transfection (Figure 4.1A-B). Only mRNA with 0% of m1W
substitution (from now on referred to as unmodified MRNA) showed a strong
induction of IFN-I production in both cells (Figure 4.1C-D). Based on this initial result,
mRNA with 0, 40, 70, and 100% of m1W substitutions were selected for formulation
with proprietary LNP (Acuitas Therapeutics) in further experiments.

Similar to the results obtained by TransIT reagent, mRNA with 100% of m1W{/
substitution formulated with LNP resulted in a significant higher mRNA uptake,
transfection and translation efficiencies than other conditions in both BMDCs and
BMDMs, with 77% and 39% of mCherry positive cells, respectively (Figure 4.1E).
Although modified mRNA with 100% of m1W substitution showed efficient protein
translation, this treatment did not significantly induce maturation of BMDCs. In
contrast, BMDCs transfected with unmodified mRNA significantly upregulated CD40

and CD86, suggesting a stage of DC maturation (Figure 4.1F).
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Figure 4.1 TransIT and LNP efficiently delivered mRNA to murine BMDCs and BMDMs

in vitro.
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(A-D) mCherry-encoding mRNA modified with different % of m1W (0.1 ug) were
transfected into BMDCs and BMDMs using TransIT reagent. The frequencies of
mCherry positive (A) BMDCs and (B) BMDMs were determined by flow cytometry at
48 hrs after transfection. (C) The levels of IFN-QL and (D) IFN-B released upon mRNA
transfection from BMDCs and BMDMs, respectively were measured by ELISA. (E)
mCherry-encoding mMRNA modified with different % of m1W (0.1 pg) were delivered
into BMDCs and BMDMs using LNP. The frequencies of mCherry positive BMDCs (left)
and BMDMs (right) and MFI of mCherry delivered by LNP were determined by flow
cytometry. (F) Median fluorescence intensity (MFI) of CD40 (left panel) and CD86
(right panel) on BMDCs upon mRNA-LNP transfection was shown. The control were
untranfected cells. The results are presented as the mean + SEM of at least
duplicate samples and experiments were performed at least two times. Statistical
significance by one-way ANOVA with Bonferroni multiple comparisons test were

indicated when p < 0.05 compared to the unmodified target antigen: a, or control: b.

For an in vivo delivery of mRNA-LNP, DCs and macrophages in draining lymph
nodes (LN)  (popliteal and inguinal LNs) and spleens were examined after
intramuscular administration (im.) of mCherry mRNA-LNP (10 pg) for 48 hrs. mRNA-
LNP with 100% of m1W substitution was efficiently taken up and translated into
proteins by cDC1, cDC2 and macrophages in both LNs and spleens with the highest
percentages of mCherry” cells after 48 hrs (Figure 4.2A-B). CD40 upregulation in LN
cDC1 was equally observed in all types of mRNA, regardless of m1W substitution
that is higher than the untreated control (Figure 4.2C). However, exposure to
unmodified MRNA or mRNA with 40% of m1W substitution significantly enhanced
CD40 expression in LN ¢DC2 and splenic cDC1 and cDC2, respectively (Figure 4.2C-D).

Taken together, these results indicated that modified mMRNA with 100% m1W
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substitution significantly improves translation efficiency and decreases innate
immunogenicity. Although unmodified mRNAcompromises the translation efficiency,

it substantially induces type | IFN production and maturation of APCs.
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Mice were intramuscularly injected with 10 pg of mCherry mRNA-LNP with 0, 40, 70,
or 100 % of m1W substitution and the control group received PBS. At 48 hrs of
MRNA administration, quantification of mCherry-positive cells in (A) LNs and (B)
spleen of cDC1 and cDC2 (left), and macrophages (right) were determined. MFI of
costimulatory molecule CD40 on cDC1 and cDC2 from (C) LNs and (D) spleen were
shown. The results are presented as the mean + SEM of biologically independent
mice (n = 6 per group). Statistical significance by one-way ANOVA with Bonferroni
multiple comparisons test when p < 0.05 compared to the unmodified target

antigen: a, or control: b.

4.1.2 Immunization with OVA mRNA-LNP induces robust immune responses
and activates OVA-specific cytotoxic effector T cells.

To evaluate whether mRNA prepared with varying degrees of mi1W
substitution differentially induces antigen-specific T cell responses, mice were
intramuscularly immunized with two doses of ovalbumin (OVA-LNP) (10 ug/dose) or
PBS with 4 days interval between the two doses as described in Figure 3.1. Luciferase
(Luc-LNP) encoding mRNA was used as unrelated antigen control. Immunization with
OVA-LNP with unmodified mRNA or with 40% mi1W substitution significantly
increased serum IFN-OL concentration at 6 hrs after the first dose and a booster dose
of immunization compared to the mRNA with m1W substitution of 70 and 100%
(Figure 4.3A). After the booster dose, the level of IFN-QL induced by unmodified
MRNA was much lower compared to that from the first dose but remained at
detectable level.

Seven days after the booster dose, splenocytes were restimulated with
SINFEKL OVA peptide in vitro. For CD4" T cells, the frequencies of IL-2 and IFN-Y
producing cells were significantly induced at a comparable level in all mRNA

vaccines tested (Figure 4.3B). The frequencies of TNFQl-producing cells were the
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highest in the group receiving unmodified mRNA. For double cytokine producers, IL-
2/IFN-Y-double producers were similarly induced by all mRNA vaccines, regardless of
the substitution while IFN-Y/TNFQl-double producers showed the highest
percentages in the group receiving OVA-LNP with 0 and 40% substitution of m1W
(Figure 4.3B). Interestingly, unmodified OVA-LNP groups showed significant increase in
the frequency of IL-5-producing CD4™ T cells (Figure 4.3C).

For CD8" T cells, the frequencies of IL-2- and IFN-Y producing CD8" T cells
were increased in all groups receiving OVA-LNP, regardless of the level of m1W
substitution. On the other hand, percentages of TNFQl-producing CD8" T cells were
increased in OVA-LNP with unmodified or m1W substitution of 40%. Furthermore,
significantly increased percentages of IL-2/IFN-Y-double producers were detected in
the groups receiving OVA-LNP with m1W substitution of 40, 70, and 100% (Figure
4.3D). A significantly higher percentages of granzyme B and IFN-Y/granzyme B-
producing CD8" T cells were observed in the group with OVA-LNP with unmodified or
m1W substitution of 40%, compared to those with 70 or 100% m1W substitution
(Figure 4.3E).

We next determined the in vivo cytotoxic activity of vaccine induced OVA-
specific T cells. Mice were intramuscularly immunized with a single dose of 20 ug
OVA-LNP with m1W substitution of 0, 40, 70, or 100% or Luc-LNP with m1W
substitution of 100% as an unrelated antigen control on day 0. At day 13, mice
received CFSE-labeled splenocytes (1:1 ratio) that were pulsed with the OVA,s57.064
(SIINFEKL) peptide or left unpulsed as target cells. At day 14, mice were sacrificed
and the percentages of target cells were measured. As shown in Figure 4.3F, OVA,s;.
ssa-specific T cells (CD4™ and/or CD8" T cells) were significantly enhanced in mice
receiving all mRNA types of OVA-LNP compared with those treated with Luc-LNP.

Taken together, these results demonstrated that administration of OVA-LNP robustly
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activates OVA-specific CD4" and CD8" T cell responses, particularly unmodified mRNA

effectively stimulates Thl response. In addition, this result indicated that mRNA

vaccine induces robust antigen specific CTL activation regardless of the degree of

substitution.
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Figure 4.3 Immunization of mRNA-LNP elicits robust antigen-specific T cell responses.

(A) IFN-QL concentration in the serum 6 hrs after the first (day0) and the second

(dayd) immunizations of OVA mMRNA-LNP were detected by ELISA. (B-C) The

frequencies of IL-2, IFN-Y, TNF-Q and IL-5 producing

CD4*™ T cells after 6 hr
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stimulation with OVA,s7.064 (SIINFEKL) were measured by flow cytometry. (D-E) The
frequencies of IL-2, IFN-Y, TNF-OL and GzmB and IFN-Y/GzmB-producing CD8" T cells
after 6 hrs stimulation with OVAys7.064 (SIINFEKL) were measured by flow cytometry.
(F) The frequencies of target cell lysis is shown. The results are presented as the
mean + SEM, n = 4-8 biologically independent mice per group. Statistical significance:
(*) p < 0.05, **) p < 0.01, (*) p < 0.001 and (****) p < 0.0001 by one-way ANOVA
with Bonferroni multiple comparisons test or p < 0.05 compared to the unmodified

target antigen: a, or control: b.

4.1.3 Neoantigens (Pbk-Actn4) encoding mRNA-LNP is immunogenic.

From now on, we focused the comparison between unmodified and 100%
m1W substitution and would refered to 100% mi1W substitution of MRNA as
modified mMRNA. Following previous reports on mutanomes of B16F10 tumor (16,
113), we selected two somatic mutations of Pbk and Actn4 as neoantigens to test in
our study. Based on the study by Kreiter et al., these mutated epitopes of Pbk and
Actnd were recognized and reacted to by CD8" or CD4" T cells, repectively, upon
RNA monotope vaccinations and showed good MHC class | binding scores (‘low
score’ 0.1 and 0.2, respectively) (16). We hypothesized that by selected CD4 and CD8
epitopes, the neoantigen vaccine should induce Th and CTL more effectively. These
selected neoantigens were linked together with 10-mer non-immunogenic
glycine/serine linkers and used as a neoantigen vaccine. In this study, unmodified and
modified mMRNA encoding Pbk-Actn4 neoantigens were evaluated whether antigen-
specific CD4" and CD8" T cell responses could be induced. Mice were immunized
im. with two doses of 10 pg/dose neoantigens (Neo-LNP) or control mCherry
(mCherry-LNP) encoding mRNAs or PBS on day 0 and boosted with the same dose on
day 4 as described in Figure 3.1. Seven days after the booster dose, splenocytes

were restimulated with overlapping peptide pools of Pbk and Actn4. Antigen-specific
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CD4™ and CD8" T cell responses were significantly induced upon immunization with
unmodified Neo-LNP at higher level, compared to that from modified Neo-LNP.
Increased percentages of cells producing IL-2, IFN-Y and TNF-Q in the group receiving
unmodified Neo-LNP were also observed (Figure 4.4A-B). In addition, a significant
increase in the frequencies of granzyme B and IFN-Y/granzyme B-producing CD8" T
cell were observed only in the group with unmodified Neo-LNP (Figure 4.4C).
Consistent with the robustly activated T cells, PD-1 expression were significantly
increased on CD4" and CD8" T cells in unmodified Neo-LNP immunized group (Figure

4.4D).
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Figure 4.4 Immunization of neocantigens (Pbk-Actn4) encoding mRNA-LNP elicits
robust antigen-specific T cell responses.

(A) CD4" and (B) CD8" T cells on CD3* T cell subsets determined by flow cytometry
after 6 h stimulation with pool of Pbk and Actnd peptides at 7 days post-boost. (C)

Frequencies of GzmB (left) and IFN-Y/GzmB (right)-producing CD8" T cells on CD3*
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CD8" T cell subsets were determined by flow cytometry. Frequencies of PD-1
exhaustion marker on splenic CD4" and CD8" T cells (D) in mice were examined.
GzmB, granzyme B. Each column are represented as the mean + SEM, n = 4
biologically independent mice per group. Statistical significance by one-way ANOVA
with Bonferroni multiple comparisons test when p < 0.05 compared to the

unmodified target antigen: a, or control: b.

4.2 Anti-tumor immunity and tumor-infiltrating immune profiles induced by
modified or unmodified mMRNA-LNP in vivo
4.2.1 Unmodified mRNA induces antitumor immunity and alters tumor-
infiltrating immune cell profiles.

To determine whether the immune responses induced by OVA-LNP is
sufficient to control tumor growth, murine B16F0-OVA melanoma expressing OVA was
used as a model. Mice were transplanted with B16FO-OVA at day 0 and
intramuscularly immunized with two doses (10 pg/dose) of unmodified OVA-LNP or
modified OVA-LNP or modified Luc-LNP or PBS on day 4 and 8 as described in Figure
3.2. All mice immunized with unmodified OVA-LNP survived until the end of
experimental period of 31 days while all mice in the PBS or Luc-LNP control group
were dead (Figure 4.5A). For modified OVA-LNP group, 50% of the mice survived (n =
9). The survival rates reflected the delay and significant decrease in tumor growth in
unmodified OVA-LNP group compared with the other groups (Figure 4.58-C).

To monitor the impact of mRNA vaccine on tumor infiltrated immune cells,
seven days after a booster dose, mice were sacrificed and the tumor infiltrated
immune cells (T cells and DCs) were characterized. The majority of tumor-infiltrating
CD3" T cell population in unmodified OVA-LNP group were CD3'CD4CD8™ T cells,
while the group receiving modified OVA-LNP had CD8" T cells as the major T cell

population (Figure 4.5D). In addition, the majority of tumor-infiltrating CD3" T cell
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population in unmodified and modified Luc-LNP and PBS immunized groups were
also CD3'CD4CD8 T cells (Figure 4.5D). We next determined the presence of
intratumoral migratory cDC1 (CD11c™ XCR1" CD103") as they play important role in T
cell activation. In a group receiving unmodified OVA-LNP, a significant increase in
CD40 level among cDC1 subset was observed whereas modified OVA-LNP did not
induce CD40 expression (Figure 4.5E). This result strongly supports that unmodified
MRNA induces more efficient antigen presentation that may augment the anti-tumor

immunity in the tumor microenvironment.
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Figure 4.5 Therapeutic efficacy of unmodified OVA-LNP in B16FO-OVA melanoma

% m1¥ in mMRNA-LNP % m1¥ in mRNA-LNP

model

(A) The percentages of survival mice was followed until day 31 after tumor
implantation. Mice that reached the maximal allowed tumor size of 20 mm, or 400
mm? were euthanized and recorded as having tumor areas of 400 mm? (n = 9 per

group). (B) Tumor volume was shown during the 15 days after tumor implantation (n
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= 10 per group). (C) Representative tumor mass harvested 15 days after the tumor
implantation from mice treated with OVA-LNP, Luc-LNP or PBS is shown (n = 7 per
group). (D) Compositions of tumor-infiltrating T cells and (E) MFI of costimulatory
molecule CD40 on cDC1 are shown (n = 6 per group). The results are presented as
the mean + SEM. Statistical significance: (¥*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and
(****) p < 0.0001 by two-way ANOVA with Bonferroni multiple comparisons test or p
< 0.05 compared to the unmodified target antigen: a, or control: b. Survival curves

were compared using log-rank (Mantel-Cox) test.

We next investigated the impact of OVA-LNP vaccination on the phenotypes
of immune cell population in the spleens on day 15 after tumor implantation.
Consistent with the strong anti-tumor phenotype, mice immunized with unmodified
OVA-LNP or modified OVA-LNP showed significant expansion of effector CD8" T cells
(CD8" CD44"™ CD62L) whereas mice receiving unmodified OVA-LNP increased memory
CD8" T cell population (CD8" CD44" CD62L") more than modified OVA-LNP (Figure
4.6A). Previously, it was reported that chronic antigen exposure downregulated
CD62LhighCCR7" central memory T cell markers and drove differentiation toward
effector memory T cells which showed less protective and therapeutic immunity
(234, 235). This immunologic memory attributed to rapidly acquire cytotoxic fuction
upon re-encounter with the pathogens (236) and consistent with another group
findings that adoptively transfer of self/tumor-reactive central memory T cells
mediated antitumor immunity in an established cancer model (237). Interestingly,
there was a significant increase in PD-1" CD8" T cells in the group with OVA-LNP of
modified mMRNA whereas the PD-1" CD4" T cells increased in unmodified OVA-LNP
group (Figure 4.6B).

We also evaluated the induction of OVA-specific CD4" T cell responses. As

shown in Figure 4.6C, only mice immunized with unmodified OVA-LNP significantly
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increased the frequencies of IL-2 and TNF-Ql-producing CD4" T cells. Furthermore, as
shown in Figure 4.6D, both modified and unmodified OVA-LNP significantly induced
higher frequencies of cytokine producing cells in OVA specific CD8" T cells. More
importantly, compared with the modified OVA-LNP g¢roup, unmodified OVA-LNP
induced higher percentages of granzyme B™ or IFN-Y/TNFO-double producers and
granzyme B/IFN-Y-double producers in CD8" T subsets (Figure 4.6E). This coordinated
anti-tumor immunity induced by unmodified OVA-LNP is consistent with the delayed
tumor growth and higher survival rate in tumor transplanted animals described in

Figure 4.5.
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Figure 4.6 Impact of OVA-LNP on activation of splenic antigen-specific T cells in B16
tumor transplanted mice

Mice were treated as described in method 3.8.3.1.1 and the splenocytes were re-
stimulated for 6 hrs with OVA,s57.064 (SIINFEKL) peptide. (A) The frequencies of naive
cells (CD44CD62LY), effector cells (CD44"CD62L), and memory cells (CD44"CD62LY) in

CD3'CD8" T cell subsets (B) the frequencies of PD-1" CD4" and CD8" T cells and (C-D)
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the frequencies of cytokines-producing CD4" and CD8" T cells are shown. (E) The
OVA,57.064-Specifc responses were determined and the percentages of CD8" T cells
producing GzmB, IFN-Y/GzmB, or IFN-Y/TNF-O/GzmB are shown. The results are
presented as the mean + SEM of biologically independent mice (n = 7 per group).
Statistical significance by one-way ANOVA with Bonferroni multiple comparisons test

when p < 0.05 compared to the unmodified target antigen: a, or control: b.

4.2.2 IFN-l is crucial for anti-tumor response induced by unmodified mRNA
vaccine.

In order to gain an insight how unmodified mMRNA induces robust anti-tumor
immunity, we evaluated the role of IFN-I in the therapeutic efficacy of mRNA vaccine.
Mice were implanted with B16F0-OVA on day 0, followed by ip. administration of
anti-IFNAR1 antibody or isotype control (400 pg per mouse) on day 4 and day 8 as
described in Figure 3.3. One hr after each administration of anti-IFNAR1 antibody or
isotype control, mice were intramuscularly immunized with unmodified OVA-LNP.
When the tumor was allowed to grow until day 42, anti-IFNAR1 antibody treatment
significantly decreased the tumor growth control effect observed with the
unmodified OVA-LNP in the isotype control group (Figure 4.7A). At the cellular level,
anti-IFNAR1 antibody treatment decreased the expansion of splenic CD8" T cell
(Figure 4.7B) and reduced antigen (OVA) specific IFN-Y-producing CD8+ T cells (Figure
4.7C), compared with the isotype control treated group. Finally, we determined the
phenotypes of tumor-infiltrating immune cells on day 42. Mice receiving anti-IFNAR1
antibody showed a significant increase in PD-1 expressing tumor-infiltrated CD4" and
CD8" T cells (Figure 4.7D) and a significant increase of tumor-infiltrating M2-like
macrophages (CD206" F4/80"), compared to the isotype control treated group (Figure
4.7E). Overall, these results strongly indicated the crucial role of IFN-I signaling in

unmodified mMRNA-LNP-mediated anti-tumor immunity.
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Figure 4.7 IFN-I signaling promotes antitumor response and modulates immune cell
profiles in spleen.

(A) The tumor volume (left) and the representative tumor mass (right) harvested 42
days after the tumor implantation from mice treated with anti-IFNAR1 antibody or
isotype control followed by immunization with unmodified OVA-LNP. (B) The
frequency of splenic CD8" T cells was examined by flow cytometry. (C) ELISpot of
IFN-Y producing cells among splenocytes after 48 hrs of ex vivo re-stimulation with
OVA on day 42 after tumor implantation and mRNA vaccine treatments is shown. (D)
The frequency of PD-1" cells among tumor infiltrated CD4" (left) and CD8" (right) T
cells were examined by flow cytometry. (E) The frequency of tumor infiltrated
CD206" macrophages was determined by flow cytometry. The results are presented
as the mean = SEM, n = 4 biologically independent mice per group. Statistical
significance: (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (**) p < 0.0001 by

unpaired two-tailed Student’s t test.
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4.2.3 Unmodified OVA-LNP suppresses metastasis to lung in a melanoma
model.

Next, we decided to test whether unmodified OVA-LNP induces immune
response against lung metastasis in B16 melanoma model. B16F0-OVA cells were
injected intraveneously to establish lung metastasis. On day 4 and 8 after tumor cell
injection, mice were intramuscularly immunized with two doses of OVA-LNP (10
pg/dose) with unmodified or modified MRNA or with unrelated antigen encoding
MRNA-LNP (PR8HA-LNP) or PBS. On day 18, lung metastasis were observed and the
number of lung nodules were counted (Figure 4.8A-B). Strikingly, we observed that
only mice immunized with unmodified OVA-LNP clearly suppressed nodule
formation in the lungs while OVA-LNP with modified mRNA failed to control the lung
metastasis and showed comparable numbers of lung nodules as PBS control or
unrelated antigen. This result reinterated that unmodified mMRNA-LNP induces robust

anti-tumor immunity that includes metastasis.
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(A) The lungs were observed and (B) the metastatic nodules on the surface of the
lungs were counted. The results are presented as the mean + SEM of biologically
independent mice (n = 6) per group. Statistical significance by one-way ANOVA with
Bonferroni multiple comparisons test when p < 0.05 compared to the unmodified

target antigen: a, or control: b.

4.2.4 Neoantigen-specific immune responses induced by unmodified mRNA
control B16F10 melanoma growth.

To examine the anti-tumor efficacy of Neo-LNP in B16F10 melanoma model,
mice were immunized im. with two doses of Neo-LNP (10 pg/dose) or control
mCherry-LNP (10 pg/dose) with unmodified and m1W substitution of 100% or PBS
on day 4 and 8 after tumor implantation as described in Figure 3.2. Consistent with
the robust anti-neoantigen response, tumor growth was profoundly retarded and
significantly decreased in Neo-LNP vaccinated group (Figure 4.9A). One third of the
Neo-LNP treated mice survived until day 35, while all mice in the control group died
by day 29 (Figure 4.9B). Repeated vaccination with the unmodified Neo-LNP in
B16F10 tumor-bearing mice increased splenic antigen-specific CD8" T cells that
produced granzyme B (Figure 4.9C) and induced expression of PD-1 on splenic T
cells, whereas this trend was not observed in m1W substitution of 100% Neo-LNP
(Figure 4.9D). Mice given unmodified Neo-LNP showed a significant increase in CD69"
tumor-infiltrating T cells (Figured.9€) and expression level of CD40 in cDC1 (CD11c"
XCR1") (Figure 4.9F). Taken together, we confirmed that unmodified mRNA encoding
tumor neoantigen formulated in LNPinduced a strong anti-tumor immune response

that retarded tumor growth and partially prolonged survial of tumor bearing mice.
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Figure 4.9 Unmodified neoantigens (Pbk-Actnd) encoding mRNA-LNP inhibits tumor
growth in vivo and prolongs survival.

(A) Tumor volume (left) was measured (n = 10 per group) and the representative

tumor mass (right) harvested 15 days after the tumor implantation are shown (n = 7
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per group). (B) The percentage of survival was followed until day 35 (n = 6 per
group). (C) The frequency of GzmB-producing splenic CD8" T cells on CD3'CD8" T cell
subsets was determined by flow cytometry. (D) Frequencies of PD-1 exhaustion
marker on splenic CD4" and CD8" T cells with tumor implantation were examined. (E)
The frequencies of CD69" among tumor infiltrated CD4" and CD8" T cells are shown.
(F) The MFI of costimulatory molecule CD40 on tumor-infiltrating cDC1 is shown (n =
4 per group). GzmB, granzyme B. The results are presented as the mean + SEM.
Statistical significance: (¥) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (**) p < 0.0001
or p < 0.05 compared to the unmodified target antigen: a, or control: b by one-way
ANOVA with Bonferroni multiple comparisons test. Survival curves were compared

using log-rank (Mantel-Cox) test.

4.3 Synthesis of LNPs based on well-characterized lipids facilitated pDNA
transfection into RAW264.7 macrophage cell line.
4.3.1 Physical properties characterization of pDNA-LNPs

As mentioned earlier, the competent vaccine largely depends on the
appropriate delivery system targeting to APCs (238). The characteristic is influenced
by the size and charge of particles (194). Therefore, two different formulations of
LNPs were prepared by the thin-film hydration method (230). The first formula
composted of DOTAP, a biodegradable cationic lipid, and DOPE neutral lipid at a 1: 1
mole ratio. The second formula contained DOTAP, DOPE and additionally included
PEG2000-C18 lipid to form the complex at a 50: 49.25: 0.75 mole ratio (Table 4.1).
Lipid-anchored PEG has been reported that helps in increase of circulation half-life
by reducing nonspecific binding of proteins «ue and improve the biocompatibility of

LNPs (188).
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Table 4.1 Lipid mole ratio of two formulas of LNPs

Name DOTAP DOPE PEG2000-C18 lipid
Formula 1; DOTAP: DOPE 50 50 0
Formula 2; DOTAP: DOPE: PEG | 50 49.25 0.75

To characterize the physical properties, the size distribution and zeta
potential of the pDNA-LNPs were determined at 25 °C by the dynamic light scattering
system with the Zetasizer Nano ZS (Malvern, UK). The results are shown in Table 4.2
and Figure 4.10. The particle size increased as the N/P ratio decreased, and the same
trend was observed in both formulas. The smallest Z-average diameter of DOTAP

and DOPE or DOTAP, DOPE and PEG constituting LNPs complexed with pDNA were

+

found at N/P ratio of 9:1 which were 188.7 + 38.61 and 157.45 + 092 nm,

+

respectively. The largest diameter in formula one and two were 308.8 + 22.34 and
270.25 + 9.97, respectively. In addition, It was found that with the 0.75 mole ratio of
PEG, the additional component in the LNP resulted in smaller particle size than
those without. The N/P ratios of 9:1, 7:1, 5:1, 3:1, and 1:1 in both formulas possessed
PDI values smaller than 0.3, which is considered a homogenous size distribution
(239). The zeta potentials were positive in the pDNA-LNPs with N/P ratio of 9:1, 7:1,
and 5:1 in both formulas and also 3:1 in formula one. These results indicated that
the LNP composition and the amount of cationic lipid in LNPs to form complex with

PDNA at different N/P ratio showed obvious effects on the physical properties.



Table 4.2 Particle size, polydispersity index and zeta potential of pDNA-LNPs

76

N/P Z-Average Polydispersity Index (PDI) + | Zeta potential (mV) +
ratio diameter (hm) + | SEM SEM

SEM
Formula 1; DOTAP: DOPE (1: 1)
9:1 188.7 + 38.61 0.2335 + 0.03 36.4 + 0.56
71 194.1 + 21.21 0.2235 + 0.02 314 +0.14
5:1 205.45 + 18.46 0.21 + 0.02 25+ 1.41
3:1 264.95 + 6.58 0.242 + 0.09 1444 + 7.72
1:1 260.35 + 64.56 0.279 + 0.1 -10.82 + 1.24
1:3 287.55 + 96.80 0.3035 + 0.1 -10.275 £ 1.73
1:5 302.95 + 85.21 0.3125 + 0.07 -9.88 + 2.29
1.7 293.6 + 56.57 0.327 + 0.007 -9.485 + 4.40
1:9 308.8 + 22.34 0.415 + 0.09 -6.39 + 0.07
Formula 2; DOTAP: DOPE: PEG (50: 49.25: 0.75)
9:1 157.45 + 0.92 0.234 + 0.01 34.1 + 5,37
7:1 161.95 + 18.31 0.2205 + 0.004 19.5 + 0.57
5:1 181.7 £+ 5.8 0.2205 + 0.006 31.2 £ 0.57
3:1 226.6 + 25.03 0.248 + 0.01 -5.775 + 3.32
1:1 231.45 + 9.12 0.2535 + 0.02 -15.45 £ 7.71
1:3 269.95 + 49 0.307 + 0.01 -10.575 £ 3.85
1:5 220.55 + 5.02 0.3175 + 0.04 -9.345 + 0.43
1.7 270.25 + 9.97 0.365 + 0.04 -11.4 + 1.56
1:9 267.25 + 5.02 0.36 + 0.06 -8.06 + 2.32
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Figure 4.10 Particle size and polydispersity index (upper row) and zeta potential
(lower row) values of pDNA-LNPs at different N/P ratios are shown.

Particle size of formula 1; DOTAP: DOPE (1: 1) (A) and formula 2; DOTAP: DOPE: PEG
(50: 49.25: 0.75) (B) upon being complexed to 1 pg of pDNA at N/P ratios of 9:1, 7:1,
5:1, 3:1, 1:1, 1:3, 1:5, 1.7, and 1:9. Zeta potential of formula 1 (C) and formula 2 (D).
The results are presented as the mean + SEM of at least duplicate samples and

experiments were performed at least two times.

4.3.2 Cytotoxicity of pDNA-LNPs

Since favorable delivery system should have low cellular toxicity, the toxicity
of empty cationic lipids and pDNA-LNPs towards RAW264.7 cell lines were
determined using the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. The results were expressed as a percentage of cell viability. As shown in

Figure 4.11, increasing the amount of cationic lipid (from 0 nmol to 7.407 nmol) and
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complexing LNPs with 1 pg pDNA at various N/P ratios caused no significant effect on
cell viability compared to non-transfected cells (control) of both formulas. These

data indicated that these two cationic LNPs formulations were both safe.
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Figure 4.11 LNP formulations are non-toxic to RAW264.7 cell line.
Cell viability of RAW264.7 cell line after transfection with empty LNPs at various

concentratios (upper panel) or pDNA-LNPs at different N/P ratios (lower panel) are
shown. (A-B) Formulations DOTAP: DOPE (1: 1) and (C-D) DOTAP: DOPE: PEG (50:
49.25: 0.75) were complexed to 1 pg of pDNA at N/P ratios of 9:1, 7:1, 5:1, 3:1, 1:1,
1:3, 1:5, 1:7. The results are presented as the mean + SEM of at least duplicate
samples and experiments were performed at least two times.

4.3.3 Transfection and translation efficiency of pDNA-LNPs into RAW264.7

cell line
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To investigate the delivery and translation efficiency of the pDNA complexed
with LNPs constituting DOTAP: DOPE (1: 1 mole ratio) or DOTAP: DOPE: PEG (50:
49.25: 0.75 mole ratio) at different N/P ratios, we performed the transfection of
DsRed2 red fluorescent protein encoding pDNA complexed with LNPs into RAW264.7
macrophage cell lines for 48 hrs. The results of the flow cytometry indicated that the
translation of pDNA-LNPs is shown in Figure 4.12. At the N/P ratio of 3:1 in DOTAP:
DOPE formula showed the most translation efficiency with significant increases in
both the percentage of DsRed2-positive cells and MFI compared to non-transfected
cells (control). While, DOTAP: DOPE: PEG formula at N/P ratio of 7:1, 5:1, and 1:1
showed similar translation efficiency over the control. Between the two cationic LNP

formulations, there was no outstanding difference in pDNA translation efficiency.

A DOTAP:DOPE (1:1) B DOTAP:DOPE:PEG (50:49.25:0.75)

1 % DsRed2 positive cells [ % DsRed2 positive cells
2 go = M 2 2 go = MFI 4
] d ]
@ b d d g a
Zad g ¢ ¢ i ¢ ST 2 40 i N
2= 40 2 404
£ a = [
8 & & e 9 c |, 2
o = S bl b o
o ~ e b
S 204 ) S 20-
V4 r o -1
2] [
: i 3 ﬂ
D\e c 1 T 1 T 1 u G\e 0 T 1 1 I T 1 o

T T T T T @ o8 M~ @ a9 3 LR R R v T L T - -

G N~ B @M v v o+ v E 3:; d N D @ v = v v e E ‘E

N/P ratio (+):(-) 3 8 N/P ratio (+):(-) 3 38
: g

Figure 4.12 Transfection and translation efficiencies of pDNA complexed with
cationic LNPs

(A) DOTAP: DOPE (1: 1) and (B) DOTAP: DOPE: PEG (50: 49.25: 0.75) with various N/P
ratios (9:1, 7:1, 5:1, 3:1, 1:1, 1:3, 1:5, 1:7, 1:9) in RAW264.7 cell lines. Each bar value
represents the mean = SEM of at least duplicate samples and experiments were
performed at least two times. Data are expressed as the percent of transfected cells
and median fluorescence intensity (MFI) as obtained from flow cytometry analysis. (a)
p < 0.05, (b) p < 0.01, (c) p < 0.001 and (d) p < 0.0001 compared with the number of

non-transfected cells (control).
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CHAPTER V
DISCUSSION

In the past decade, immunotherapy has been revolutionized that included
several attractive cancer treatments including immune checkpoint inhibitors and
adoptive cell transfer. However, the clinical outcomes were varied and could be
applied to only a subgroup of patients (240). Personalized therapeutic vaccine, which
works against cancer by boosting host immune response is another promising
approach to trigger de novo T cell responses against tumor neoantigens with highly
specific to tumors of individual patients (241).

In the first part of this study, we evaluated the translation efficiency, innate
immunogenicity and APC maturation induced by different degrees of modified
nucleoside in MRNA-LNP in in vitro and in vivo. For in vitro study, BMDCs and BMDMs
were selected as target cells because they are the most important targets of mRNA
vaccine and the initiation of adaptive immunity (26). This in vitro study used mCherry
encoding mRNA which has 1,139 nucleotide sequence long and luciferase encoding
mRNA which has 2,100 nucleotide sequence long (Appendix B Figure 1) as target
antigens to confirm that there was no effect of antigen and sequence length on
protein translation. As the nucleoside modification level increases, translation is
improved in both antigens. There was a dominent secretion of IFN-I from the 0%
m1W substitution group and it was notable that at 40, 70 and 100% of m1W
substitutions showed a significant protein translation compared to untreated control.
This is consistent with previous study reporting that the substitution of uridine with
m1W in MRNA significantly improves the translation efficiency and decreases innate
immunogenicity (166).

For in vivo study, mRNA-LNP uptake was investigated from APCs in the

secondary lymphoid organs including lymph nodes and spleens where immune cells
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reside at high density and adaptive immune cells interact with antigen-MHC
complexes on APCs, and then proliferate and differentiate to become effector cells
(242). cDC1 are critical for antigen cross-presentation required to prime CD8" T cells
for optimal anti-tumor immunity and priming of CD4" T cells at early stages, since
cDC1 provides antigen transportation to lymph nodes for processing by cDC2 (78).
CD40 signaling in cDC1 is required for tumor rejection by playing a key role in
augmenting the proliferation of antigen-specific CD8" T cells (78). Engagement of
CD40 with its ligand induces recruitment of TNF receptor-associated factor family of
proteins (TRAFs) and initiates signaling cascades that activate genes involved in
cytokine production, as well as upregulation of co-stimulatory molecules such as
CD80 and CD86 (243). We demonstrated that the maturation of cDC1 and cDC2 upon
delivery of unmodified and 40% substitution with m1W mRNA-LNP was evident
compared with 100% substitution with m1W mRNA-LNP. While unmodified mRNA-
LNP compromises the translation efficiency of mRNA into protein antigen, its superior
impact on DC maturation is beneficial for anti-tumor immunity.

Based on the result in Figure 4.3A, substitutions of 0% and 40%, but not 70%
and 100% m1W in MRNA-LNPs could induce serum IFN-I secretion 6 hrs after the
prime and booster doses. Previous studies reported that IFN-I upregulates CD40 and
CD80 expressions through an involvement of IRF-1 transcription factors (244). Binding
of type | IFN-receptors activates JAK/STAT signal pathway (94) and leads to STAT1
homodimerization (103). Statl homodimer binds IFN-Y-activated site (GAS) motifs in
the promoter regions of interferon regulatory factor-1 (IRF-1) gene and activates
transcription of CD40 and CD80 genes and protein expressions (245).

Herein, we addressed the impact of different degrees of m1W substitutions in
MRNA on the immunogenicity. mRNAs were prepared to encode for OVA as a model

anticen and somatic mutation-induced neoantigens- Pbk and Actnd4 of B16F10
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melanoma cells (16). Unmodified mRNA-LNP administration is associated with large
amounts of systemic IFN-I 6 hrs after immunization of OVA encoding mRNA-LNP.
Surprisingly, the level of IFN-I dramatically drops after the second dose of
immunization which is likely the effect of unmodified mRNA. It is possible that
repeated exposure to unmodified MRNA epigenetically enforces innate immune
tolerance where the cells are incapable of activating certain inflammatory gene
transcription (246).

The current use of mRNA vaccine for COVID-19 pandemic demonstrates the
high efficacy in inducing a Thl response in combination with humoral response by
mMRNA vaccine (247, 248). Indeed, besides prominent Thil-related cytokines such as
IFN-Y and TNF-Q and granzyme B, we also observed the increase of IL-5" CD4" T
cells when unmodified mRNA-LNP was used. This balanced T helper cell response
induced by unmodified mRNA may render a strong anti-tumor immune response that
successfully control tumor growth. Interestingly, the increase of PD-1 expression was
found on CD4" and CD8" T cells in unmodified Neo-LNP immunized group. This may
be due to the robustly T cell receptor (TCR) activation.

IFN-I secretion subsequently induced following the recognition of TLR7 with
unmodified mRNA causes selective induction of Thl type immune responses (249).
Possible explanations that mRNA vaccine drives Th2 differentiation are that there
were secretion of IL-4 which may arise from cDC2, NK T cells, eosinophils or mast
cells in the environment or a low amount of translated proteins from unmodified
MRNA caused a low number of engaged TCRs, and the signal passed through the TCR
may not reach the activation threshold to determine the IFN-Y gene transcription
(250, 251).

For in vivo cytotoxic activity study, vaccination of OVA-LNP revealed a
dramatically increased priming of antigen-specific T cells in the nucleoside

modification regardless of the degree of m1W substitution. These vaccine primed T
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cells acquired full effector function and efficiently eliminated target cells with similar
cytotoxicity. In our study, we did not investigate whether CD4" T cells also contribute
to direct tumor killing. Previous study reported the observation of a cytotoxic subset
of CD4" T cells (CD4 CTLs). CD4™ CTLs are characterized by their cytotoxic functions
to secrete granzyme B and perforin and directly kill target cells. They recognize target
cells via peptide-MHC Il complex on APCs (252). Upon transfer of naive tumor
reactive CD4" T cells into lymphopenic recipients, substantial T cell expansion and
differentiation were observed. Tumor regression was dependent on class Il-restricted
recognition of tumors by tumor-reactive CD4* CTLs which developed cytotoxic
activity and kill tumor (253).

In the second part of this study, we investigated the anti-tumor effects of the
MRNA-LNP platform in localized and metastatic B16 melanoma models. When
challenged with the highly aggressive B16 melanoma model, unmodified OVA-LNP
vaccinated mice showed outstanding anti-tumor effect by extending survival time,
controlling tumor growth and lung metastasis inhibition as compared to modified
OVA-LNP and control treated mice. While we observed equal target cell killing
activities in all MRNA-LNP regardless of the modification level in the cytotoxic assay,
unmodified MRNA-LNP showed better tumor control efficacy in vivo. This
discrepancy reflects the complex tumor microenvironment that may preclude
accessibility to target tumor cells.

Better tumor control with unmodified MRNA-LNP is associated with the
presence of mature tumor-infiltrating migratory cDC1. The presence of mature cDC1
in tumor may lead to more efficient antigen presentation and cross-presentation of
tumor antigens and subsequent augment antigen-specific T cell immunity (254) as
shown in relevant results of antigen-specific effector T cell (CD447CD62L") expansion
and polyfunctional cytokine secretion after restimulated splenocytes with the OVA,s;.

264 (SIINFEKL) peptide. Interestingly, we found that a substantial tumor infiltrated T
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cell subset (CD3") in unmodified MRNA-LNP group is CD4CD8 double negative (DN) T

cells. Both TCROP T cells and TCRY® T cells contain a small subset of DN T cells.
Although the roles of these cells in tumors are still controversial, the use of DN T
cells for cancer immunotherapy against blood and solid tumor were reported (255).
Our results indicated that DN T cells may play a crucial role in anti-tumor immunity
raised by mRNA vaccines. Therefore, characterization of the DN T cells may provide
insight into the anti-tumor immunity induced by mRNA-LNP.

In the tumor microenvironment, immunosuppression and tumor evasion
strategies cause an inability of the immune cells to detect and eliminate with
subsequent exhaustion (40). Generally, PD-1 expression on cell surface of activated T
cells is induced after TCR activation (256). Ligation of PD-1 with its ligands
programmed death-ligand 1 or 2 (PD-L1 or PD-L2) induces tyrosine phosphorylation
of the PD-1 cytoplasmic domain by phosphorylating kinase Lck and subsequent
recruitment of cytosolic tyrosine phosphatase SHP-2 and PD-1-associated SHP-2
preferentially dephosphorylates CD28 and suppresses CD28 costimulatory signaling
leading to restrained effector T cell function (43-45). In our studies, we consistenly
observed higher frequency of PD-1" cells in tumor infiltrating T cells when IFNAR1
was blocked. This result may imply that unmodified mRNA via IFN-I help alleviates T
cell exhaustion that allows anti-tumor T cells to be fully functional. Consistent with
this observation, more M2-like tumor-associated macrophages were observed when
IFN-I is blocked in the mRNA/LNP vaccinated group. Taken together, we provide
strong evidence that IFN-I plays an indispensable role in inducing anti-tumor
response by mRNA vaccine.

The prominent therapeutic efficacy of unmodified mRNA is possibly due to
activation of endosomal toll-like receptor 7/8 (TLR7/8) and subsequently causes pro-
inflammatory cytokine secretion via MyD88-dependent IRF-5 phosphorylation (257).

IRF-5 is critically involved in M1- macrophage polarization (258), which possesses
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phagocytic capacity, and the ability to secrete reactive nitrogen and oxygen species
and pro-inflammatory cytokines such as IL-6, IL-12, IL.-23 and TNF-a, which in turn
promote CD8" T cell and NK cell cytotoxicity. In addition, M1 macrophages secrete
CXCLY, CXCL10 and CXCL15 chemokines upon STAT1 signaling, which recruit
cytotoxic T lymphocytes (CTLs) to the tumor (61). Furthermore, the IRF-7 transcript
was strongly induced by IFN-I. IRF-7 mediated decrease in VEGF mRNA level that
inhibits lung metastasis due to the lack of tumor-angiogenesis factors (62, 244). Mice
with impaired IFN-I signaling developed more lung metastases in the 4T1 mammary
and lung carcinoma models, compared to wild type mice accompanied by elevated
G-CSF levels in serum and enhanced CXCR2 expression on neutrophils leading to
massive accumulation of neutrophils in lungs which facilitated a pre-metastatic niche
formation, supporting more efficient tumor cell extravasation and proliferation (259).

Recent study identified the intrinsic adjuvant activity of the LNP itself. When
used in MRNA and protein subunit vaccines, LNP exerts potent stimulatory activity
against T follicular helper cell and the immune induction was superior to what
induced by AddaVax formulated vaccine. Adjuvant activity of the LNP critically relies
on IL-6 and its constituent ionizable lipid. Remarkably, potent immune responses
from a single immunization of LNP loaded non-inflammatory nucleoside-modified
mMRNA was related to LNP adjuvanticity (260). Unmodified mRNA itself provides
adjuvant activity through binding and activation of the innate immune sensors,
mainly TLRs 3, 7, and 8 (261). In our study, we did not distinguish adjuvant activity of
MRNA from LNP and the impact on anti-tumor responses may derive from LNP
and/or mRNA.

In the previous study by Kranz and coworkers, a systemic immunization with
three doses (40 pg/dose) of mRNA encoding OVA cleared B16-OVA lung metastasis
with no tumor at 20 days after the last immunization. Their OVA mRNA construct

encoded for the H-2K -restricted immunodominant epitope OVA ;57564 and the lipid
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formulation contained DOTAP and DOPE. The mean diameter of mRNA-LNP was 200
nm (31). In our study, using two doses (10 pg/dose) of MRNA encoding whole OVA
protein, we observed a similar anti-metastatic effect. Although unmodified mRNA was
used in both studies, differences in the use of whole protein rather than peptide
antigens and the LNP formulation and size may result in the modest differences
observed. LNP used in our study is the proprietary to Acuitas Therapeutics contains a
proprietary ionizable cationic lipid, cholesterol, DSPC, and a PEG-lipid with a mean
diameter of 80 nm (260).

Finally, it is more relevant to real cancer settings with non-dominant antigens
and tumor heterogeneity. Possibility of loss of MHC class | allele—presenting
neoantigen associated with cancer immune evasion (262). Thus, vaccination with
epitopes targeting both CD4 and CD8 T cells may lead to a better efficiency in
antitumor response (263). In this study, Pbk-Actnd somatic mutations of B16F10
tumor were selected and linked together as target neoantigens in mMRNA-LNP
vaccines. We observed less robust, but significant tumor growth retardation effect
with the neoantigen vaccine compared to the OVA model. The moderate
immunogenicity of neoantigens may be explained by a loss of tumor suppression
gene copy number during cancer progression which enables elimination of
neoantigen-expressing tumor clones (264) and exhaustion of neoantigen-specific T
cells. Additional highly immunogenic neoantigens formulated in the polyepitope
MRNA vaccine may help improve the anti-tumor response of mRNA vaccines using
neoantigens, such as demonstrated by Kreiter et al. (16). Combination therapy of
cancer vaccine with immune checkpoint antibodies (anti-PD-1 and anti—-CTLA-4)
would help in tumor regression by restoring the functionality of exhausted cells and
expanding of neoantigen-specific CD8" T cell (21, 265, 266). Taken together, we
provide strong evidence for the anti-tumor immune response by unmodified mRNA

vaccines encoding dominant and neoantigens.
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In the third part of this study, we synthesized the prototype of LNPs based on
well-characterized lipids for delivery of plasmid DNA (pDNA). The size and charge of
particles influenced delivery of vaccine to target APCs in lymph nodes (194, 238). We
found that the smallest and the largest Z-average diameters of the pDNA complexed
with LNPs constituting DOTAP: DOPE (1: 1 mole ratio) or DOTAP: DOPE: PEG (50:
49.25: 0.75 mole ratio) at different N/P ratios were within the size range for uptake by
macropinocytosis (267). Moreover, as the N/P ratio decreased, the particle size
increased and the same trend was observed in both formulas as shown in Figure
4.10. In addition, the decrease of N/P ratio at 1:3, 1:5, 1:7 and 1:9 in both formulas
resulted in increase of PDI values bigger than 0.3, which is considered a
heterogeneous size and unstable (239). This may be because the less positively
charged LNPs in the ratio causes more free pDNA in the suspension which can induce
electrostatic interaction of nearby LNPs to form large aggregation with the pDNA
(232). It was found that while increasing PEG content in the LNP makes particle
smaller and more stable (268). The positive zeta potentials were found at higher N/P
ratio in both formulas. In accordance with the decrease of cationic lipid mole ratio,
there were free pDNA in the suspension which caused the negative zeta potentials.
Although, zeta potential generally exhibited near-neutral surface charge with
increasing PEG component, it should be noted that zeta potential measurement
significantly vary depending on the buffer conditions, including ionic concentration
and pH (269). Both LNP formulas and pDNA-LNPs did not show significant negative
effect on the RAW264.7 cell viability even at the high concentration of 7.407 nmol
(the maximum concentration tested). However, the toxicity tolerance is a cell type
dependent process (270). There was no significant difference in translation efficiency
compared between two formulas at all N/P ratios.

In summary, the present study reveals that unmodified mMRNA-LNP induces

substantial IFN-I production and the maturation of DCs. In B16F0-OVA murine
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melanoma model, unmodified OVA-LNP significantly reduced tumor growth and
prolonged survival, compared to OVA-LNP with m1W substitution. This robust anti-
tumor effect correlated with the increase in intratumoral CD40" DCs and the
frequency of granzyme B'/IFN-Y*/TNF-Ol+ polyfunctional antigen-specific CD8" T
cells. Blocking type | IFN receptor completely reversed the anti-tumor immunity of
unmodified MRNA-OVA reflected in a significant decrease in OVA-specific IFN-Y
secreting T cells and enrichment of PD-1" tumor-infiltrating T cells. The robust anti-
tumor effect of unmodified OVA-LNP was also observed in the lung metastatic tumor
model. Finally, this mRNA vaccine was tested using B16F10 melanoma neoantigens
(Pbk-Actnd) which resulted in delayed B16F10 tumor growth. Taken together, our
findings demonstrated that an unmodified MRNA vaccine may be a better tumor

vaccine strategy that induces robust antitumor immunity in IFN-I dependent manner.
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Figure 5.1 Proposed mechanism of antitumor immunity by unmodified mRNA-LNP in
an IFN-I-dependent manner.

Unmodified mRNA provides adjuvant activity through recognition of uridine
nucleosides by TLR-7/8 and induction of proinflammatory cytokines including IFN-I.
(A) In the precense of anti-IFNAR1 antibody to block IFN-I signaling causes exhausted
T cells with upregulation of PD-1 which results in uncontrolled tumor growth. (B)
Intact IFN-I signaling results in the expression of CD40 which mediates effective
antigen presentation and results in robust antitumor immunity by effector T cells. (C)
Tumor-associated macrophage are phenotypically polarization to proinflammatory

M1 macrophage by IFN-Y and TNF-Q.
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CHAPTER VI
CONCLUSIONS

6.1 The translation efficiency was dependent on the degree of nucleoside
substitution and inversely correlated with induction of IFN-I secretion and APC
maturation. The 100% m1W substitution in MRNA-LNP showed the highest
MRNA transfection and translation efficiencies, while unmodified mMRNA-LNP
induced APC maturation and IFN-I secretion.

6.2 Unmodified mRNA induced stronger Th1 response than modified mRNA.

6.3 All degrees of nucleoside substitution in OVA-LNP activated OVA-specific
cytotoxic effector T cells.

6.4 Unmodified mRNA-LNP enhanced tumor-infiltrating mature migratory cDC1
and the frequency and effector function of tumor antigen-specific effector T
cells.

6.5 IFN-I secretion or the downstream signaling cascades induced by unmodified
MRNA-LNP resulted in a significant increase in OVA specific IFN-Y-producing T
cells and decrease of the frequency of tumor-infiltrating M2-like phenotype
macrophages and PD-1 expression on T cells.

6.6 Unmodified mRNA-LNP induced robust anti-tumor T cell response for
controlling B16 tumor growth in both dominant OVA model antigen and non-
dominant neoantigens and suppressed lung metastasis in type | IFN-
dependent manner.

6.7 DOTAP: DOPE (1: 1 mole ratio) and DOTAP: DOPE: PEG (50: 49.25: 0.75 mole
ratio) were safe LNPs and facilitated antigen uptake and translation in

RAW264.7 cell line.
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APPENDIX A
LIST OF PREPARING REAGENTS

1) DMEM complete media (100 ml)
DMEM
FBS
1 M HEPES free acid
100 mM sodium pyruvate

100x Penicillin/Streptomycin G

2) BMDM media (100 ml)
L929 culture supernatant
DMEM complete media

Horse serum

3) Freezing media for BMDM cryopreservation
3.1)  Freezing media A (10 ml)
FBS
DMEM
3.2)  Freezing media B (10 ml)
FBS
DMSO
DMEM

Mix A and B at 1:1 ratio

4) BMDC media (100 ml)

RPMI-1640

87

10

20

75

84.9

ml
ml
ml

ml

ml
ml

ml

116



FBS 10
1 M HEPES 1
100 mM sodium pyruvate 1
100x Penicillin/Streptomycin G 1
100x GlutaMAX 1
100x MEM Non-Essential Amino Acid 1
1000x 2-Mercaptoethanol 0.1

Add GM-CSF 20 ng/ml and IL-4 10 ng/ml or 5 ng/ml

B16F0-OVA media (100 ml)

RPMI-1640 84.5
FBS 10

1 M HEPES 1
100 mM sodium pyruvate 1
100x Penicillin/Streptomycin G 1
100x GlutaMAX 1
100x MEM Non-Essential Amino Acid 1
1000x 2-Mercaptoethanol 0.1
G418 (stock concentration 100 mg/ml) 0.4

Freezing media for B16F0-OVA cryopreservation (10 ml)
B16F0-OVA media 9

DMSO 1

B16F10-Luc2 media (100 ml)
DMEM 88.9

FBS 10

117



100x Penicillin/Streptomycin G 1

Blasticidin (stock concentration 10 mg/ml) 0.1

8) Freezing media for B16F10-Luc2 cryopreservation (10 ml)
B16F10-Luc2 media 9.5

DMSO 0.5
9) Freezing media for RAW264.7 cell line (10 ml)
DMEM complete media 9

DMSO 1

10) 1x PBS, pH 7.4 (1000 ml)

NaCl 8
KCl 0.2
Na,HPO, 3.63
KH,PO, 0.24
DDW 1000

ml

8

ml
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Adjust pH to 7.4 with HCl or NaOH and autoclave sterilize at 121°C for 15

minutes

11) MTT solution, working at 5 mg/ml (40 ml)
MTT 200

Sterile 1x PBS 40

Vortex until dissolve and filter sterilize solution through 0.2 pm filter

12) 1.5 M Tris-HCL, pH 8.8 (1,000 ml)

ms§

ml

Trisma base 181.71 ¢



119

DDW 1000 ml

Adjust pH to 8.8 with HCl

13) 1 M Tris-HCL, pH 6.8 (1,000 ml)
Trisma base 121.14 ¢
DDW 1000 ml

Adjust pH to 6.8 with HCL

14) SDS-polyacrylamide gel
12.1) 8% polyacrylamide gel (8 ml)
DDW 4.236 ml

40% Acrylamide and Bis-acrylamide solution 1.6 ml

1.5 M Tris-HCL, pH 8.8 2 ml
10% SDS 80l
10% APS 80l
TEMED q ul

12.2)  15% polyacrylamide gel (2 ml)
DDW 1.204 ml

40% Acrylamide and Bis-acrylamide solution ~ 0.25 ml

1 M Tris-HCl pH 6.8 0.504 ml
10% SDS 20 pl
10% APS 20 pl
TEMED 2 ul

15) 5x Running buffer (1,000 ml)



Trisma base

Glycine
SDS

DDW

16) Transfer buffer (1,000 ml)

Trisma base

Glycine
SDS

Absolute methanol

DDW

17) 6x Gel loading buffer (10 ml)

0.5 M Tris-HCl pH 6.8

SDS

Glycerol

Bromophenol blue

B—mercaptoethanol

18) ECL substrate of HRP

18.1)

18.2)

Coumaric acid solution
Coumaric acid
DMSO

Store at -20°C.

Luminol solution

Luminol

15.1

94

1000

5.08

2.9

0.37

200

800

0.001

0.5

90

10

250

120

ml

ml

mM

mM
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DMSO 10 ml

Store at -20°C.

18.3) Solution A

100 mM Tris-HCL, pH 8.5 2.5 ml
Coumaric acid solution 11 il
Luminol solution 25 il

18.4) Solution B
100 mM Tris-HCL, pH 8.5 2.5 ml

H,0, 1.5  ml

19) Film developer and fixer

Each was diluted with tap water at 1:5

20) Coating buffer, pH 9.5 (1,000 ml)

NaHCO, 84 g
Na2CO3 3.56 9
DDW 1000 mtl

Adjust pH to 9.5 and filter sterilize solution through 0.2 um filter

21) Blocking buffer (10% FBS in 1x PBS) (100 ml)
FBS 10 ml

1x PBS 90 ml

22) TMB buffer, pH 4.0 (1,000 ml)

Tri-potassium citrate monohydrated 66.5 mg
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Citric acid 39.38 ¢
DDW 1000 ml

Adjust pH to 4.0 with HCl

23) TMB substrate
3,3’,5,5’-tetramethylbensidine 2.5 mg
DMSO 250

Freshly prepare before use

24) TMB substrate solution

TMB buffer 10 ml
TMB substrate 250  ul

25) 2N H,SO4 stop solution (500 ml)
Absolute H,SO, 27 ml

DDW ar3  ml

26) 1N H,SO, stop solution (500 ml)
Absolute H,SO, 135 ml

DDW 486.5 ml
27) PBS-T (1,000 ml)
Tween-20 0.5 ml

1x PBS 1000 ml

28) FACS staining buffer (2% FBS in 1x PBS) (100 ml)
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FBS 2 ml

1x PBS 98 ml

29) Red blood cell lysis buffer (50 ml)

NH,Cl 0415 ¢
0.5 M EDTA 10 pl
NaHCO; 005 ¢

DDW 50  ml

Filter sterilization through 0.2 um filter and store at 4°C

30) Fekete’s solution (1,000 ml)

100% ethanol 700 ml
DDW 228 ml
37% Formaldehyde solution 32 ml
Glacial acetic acid 40 ml

Store at room temperature
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Supplement Figure 1 Efficiency of TransIT and LNP for in vitro luciferase mRNA

transfection
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Firefly luciferase expression following transfection of (A-B) BMDCs and (C-D) BMDMs
with luciferase-encoding mRNA modified with different % of m1W (0.1 pg) using
TransIT reagent (upper row) or LNP (lower row). The control were untranfected cells.
The results are presented as the mean + SEM of at least duplicate samples and
experiments were performed at least two times. Statistical significance by one-way
ANOVA with Bonferroni multiple comparisons test were indicated when p < 0.05

compared to the unmodified target antigen: a, or control: b.

Intradermal Injection Intramuscular Injection

0% m1w
2.0
15
40% m1w
x108
10
70% m1w
0.5
Radiance
(p/secfomzfsr)
Color Scale
Min = 5,00e5
Max = 2.00e6
100% m1w Muscle
PBS

Supplement Figure 2 Ex vivo bioluminescence imaging of MRNA-LNP in mice
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IVIS images of organs excised from C57BL/6 mice after 4 hrs injected by intradermal
and intramuscular routes with 5.0 ug of luciferase encoding mRNA-LNP with different

percentages of m1W. The scale of luminescence is indicated.
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Supplement Figure 3 Translational kinetics of mMRNA-LNP in vivo

Quantification of the bioluminescence signal was measured in C57BL/6 mice injected
with 5.0 ug of luciferase encoding mMRNA-LNP with different percentages of m1W via
(A) id. and (B) i.im. routes. The bioluminescence intensity was evaluated from 4 hrs
until 14 days post injection. Error bars represent the SEM. (C) The area under the
activity time curve shows the total amount of protein produced from luciferase

encoding mMRNA-LNP over time from 4 hrs to 14 days post injection (n = 3 per group).
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Supplement Figure 4 Serological responses in mice immunized with ovalbumin

encoding MRNA-LNP with 0 or 100% of m1W

Two weeks after the last immunization, blood was collected for measuring

ovalbumin specific (A) total IgG, (B) IgG1, and (C) IgG2c. (D) The ratio of 1gG2c to IgG1

was shown. Data represents the mean

+ SEM. The significance of differences

between groups was determined by a student’s t-test. (*) p < 0.05
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Supplement Figure 5 Immunization of MRNA-LNP in tumor-bearing mice does not

dramatically cause body weight loss.

(A) Percent of body weight changes of B16F0-OVA tumor-bearing mice which received

OVA mRNA-LNPs is shown. (B) Percent of body weight changes of B16FO-OVA tumor-

bearing mice which were immunized with  OVA  mRNA-LNPs in the absence or

presence of type | IFN neutralizing antibody is shown. (C) Percent of body weight

changes of mice implanted with B16F0-OVA tumor for lung metastasis and OVA

MRNA-LNPs is shown. (D) Percent of body weight changes of B16F10-Luc2 tumor-

bearing mice which was immunized with Neo mRNA-LNPs is shown. Each dot are

represented as the mean + SEM, n = 4-9 biologically independent mice per group.
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