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Development of systematic library of ionizable lipids
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JP6570188

Scaffold /

—_——— OH
U T T K e

L

[ (distal)

/\/m; =R
Benchmark
(o)

ch/i‘t =R

o
Wko}t =R

O
W&/ﬁ’l =R

(e}

W)J\O/E =R

A

B
C
D
E
F

P U St

CL4H6 NGO S

TS

N

siRNA/mRNA hepatocytes (Sato Y et al., J Control

Release, 2019; Hashiba A et al., J Control Release, 2020),

MRNA platelets (Leung J et al,

Sci Adv, 2023),

siRNA/mRNA splenic DCs (Okuda K et al.,, J Control
Release, 2022; Sasaki K et al., Pharmaceutics, 2022),
Cas9 RNP vitro/hepatocytes (Suzuki Y et al., J Control
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Construction of novel iTXT library for mRNA delivery
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Current limitations of mRNA-LNPs
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Impact of DSPC content in TOT-5-LNPs on organ-selectivity

0 6
- I I hr - -
Ca Fluc mRNA-LNP  Fluc assay [lipid composition] .
i.v. injection (liver, TOT-5/DSPC/Chol/PEG = 65/3-15/20-32/1.5 (mol%)

(0.01 mg RNA/kg)  spleen)

BALB/c (£, 4w) o

\/\/\/\/:\/\/\/\)% (o)
o o} A~
107—E 8 103,
. % S g?c
c  10% °
o S f
ce 7 olo
o 103 35
n O o> 10"
o5 X =
1IN f i
o S o @ Liver é b
g — [ 3_ 100
i X 105 [ Spleen Ze
[}
©
R DN &
104- i— 10-2 ; : ; : :
3 5 10 15 20 3 5 10 15 20
%DSPC %DSPC

» TOT-5-LNPs functionally delivered mRNA into spleen depending on DSPC content.



Impact of DSPC on biodistribution of TOT-5-LNPs

—
[lipid composition] TOT-5/DSPC/Chol/PEG/DIiD = 65/X/35-X/1.5/0.5 (mol%)

0 1 0 6
g } } hr . o l f hr
.7 DiD-labeled-LNP CLSM .-’ Fluc mMRNA-LNP  Fluc assay
i.v. injection (liver) i.v. injection (liver,

(0.2 mg RNA/kg) (0.01 mg RNA/kg)  spleen)

BALB/c (%, 4w) WT or ApoE-deficient

BALB/c (%, 4w)

3%DSPC 15%DSPC

108,
p = 0.000874

N
o
=

| §=° 8_'_0%@

] WT

;§; P &9 7] ApoE”

Fluc expression
(RLU/mgprotein)
S

105,

104

3%DSPC 15%DSPC 3%DSPC 15%DSPC

. . Liver Spleen
Blood vessels (Tomato-lectin FITC) LNPs (DIiD) Bars: 100 pm

> 15%DSPC failed to accumulate in hepatocytes.

> 15%DSPC functionally delivered mRNA to the spleen through some uptake pathway, not because of
passive transfer to the spleen due to lack of hepatic clearance by ApoE-LDLR pathway.



Impact of DSPC on cellular uptake of TOT-5-LNPs in splenic B cells

[lipid composition] TOT-5/DSPC/Chol/PEG/DIiD = 65/X/35-X/1.5/0.5 (mol%)

0 1 -1 0 1
_ e l f hr f f f hr
.5 Fluc mRNA-LNP MACS+ Incubation of LNPs Add LNPs (0.4 ug RNA/mL) FCM
i.v. injection Fluc assay with freshly collected to MACS-sorted splenic o =0.0016
BALB/C (2, 4w) (0.2 mg RNA/kg) mouse serum B cells (2x10° cells/well) i
! p = 0.0023
MACS-sorted B cells 300000, 300000, o
— 3%DSPC — 15%DSPC
107, LL LL
= =
Q Q
_ A & 200000/ 0 = 0.0402 & 200000/
o = O Q ()
@ 8 o o0OQ f“E p =0.0219 f,‘g O
e I8 : : °
g% 10% = 1000001 _Q = 100000
i T i
03 E 0| 8§ 200 E
=F, s e g B
S o o o co ‘lm‘D
o)
o D> ) & @ O %) & @)
115 22 S S R B LR P D P D E D FR PO FD D
3 5 10 15 20 S &~ 8 & &~ S
@ N\ N\ 66 8, N\ N\ 6@
%DSPC

deactivated: Heat inactivated serum
EDTA (+): EDTA (final conc.: 10 mM) containing serum

» TOT-5-LNPs with 15% DSPC showed the highest transgene expression level in splenic B cells.

» Complement pathway would be involved in B cell uptake of 15%DSPC.



Uptake of 15%DSPC in marginal zone B (MZB) cells

[lipid composition] TOT-5/DSPC/Chol/PEG/DiD = 65/15/20/1.5/0.5 (mol%)

0 15 30 60 CD21/'35mid
_ e : d l - min CD23high .
-~ DiD-labeled-LNP LM Y MZB cells are located in MZ
I.v. injection <pleen spleen marginal where particles can access and
(0.2 mg RNA/kg) (sp ) (sp ) zone ;
BALB/c (%, 4w) CD21/35high express high level of CD21/35.

CD23mid
MZB cells

red pulp

p < 0.0001
160000 0
120000 0
Q O
=
8=
5L
54 80000
30
8 '
Nuclei (Hoechst33342) LNPs (DiD) Bars: 500 pm 40000
» 15%DSPC highly accumulated in marginal zones in spleen within 30 min. . o
FOB MZB

» Flowcytometric analysis revealed high accumulation of 15%DSPC in MZB cells.



Importance of location of MZB cells on cellular uptake of 15%DSPC

CXCL13/CXCR5
—)H Administration of the S1P, antagonist FTY
MZB S1P/S1P FTY-720 causes MZB cells to localize to the follicle
1 I -

_ 0 _ (Fingolimod) Cinamon G et al., Nat Immunol, 5: 713-720 (2014)
Marginal zone 11 follicle

[lipid composition] TOT-5/DSPC/Chol/PEG/DID = 65/15/20/1.5/0.5 (mol%)

_ g 73 0 1 h e 73 0 3 h
: : : r - : : : r
” FTY-720 DiD-labeled LNP FCM ” FTY-720 DiD-labeled LNP CLSM
i.p. injection i.v. injection (spleen) C57BL/6 i.p. injection i.v. injection (spleen)
C57BL/6 (1 mg/head) (0.2 mg/kg) / (1 mg/head) (0.2 mg/kg)
(%, 6w) (£, 6W)
p = 0.005394
p=0000993 p=0015521 p = 0.015521 PBS FLY.CC) FTY (+)
1.2, ]i_ —
1_0«; ........... g ............ o [ ;@ ,,,,, %: ........
O
% 0.8 ¥ 5
o "5. O
25
B 06 T Y -
® S ; = FTY () Nuclei (Hiechst33342) LNPs (DiD) Bars: 500 um
< 04
Qo
o 1 FTY (+) . .
0.2 > Pre-treatment of FTY significantly suppressed cellular uptake
of 15%DSPC in splenic B cells and localization in follicles.

0L ‘ ‘ ‘ ‘
PanB MZB FOB DC M®



Detection of MHC class I antigen presentation

- o ? ::’ ? day [lipid composition]
g T 1 FCM TOT-5/DSPC/Chol/PEG = 65/15/20/1.5 (mol%)
mMRNA-LNP (spleen)
C57BL/6 i.v. injection
(%, 6w) (0.2 mg mRNA/kg)
MZB cell
6. 15,
] EGFPmRNA [ OVAmRNA p = 0.0008
J <
X
E 4+ o) UEJ 101 —_g_—
L s 3 5 °
? o o o O 20
§ ) p = 0.041638 o X ¢ 5
N O 2 © ® ag
g g T
THNaEE B B gd | %P oo |
2 0 L = ol [
S ° ©
@ ° o
O O
- 5 ol oC o ) EGFP  Fluc OVA

mRNA MRNA mRNA

» MHC class I antigen presentation by MZB cells was confirmed.



Induction of OVA-specific CTL activity in vivo

[lipid composition] TOT-5/DSPC/Chol/PEG/DIiD = 65/15/20/1.5/0.5 (mol%)

0 5 6 -3 hr 0 hr 5d 6d
e : : (20 hr) : day P = : ! ! (20 h) !
” OVA mRNA-LNP transplantation (i.v.) FCM Q FTY-720 15%DSPC-LNP transplantation (i.v.) of FCM
C57BL/6 i.v. injection of splenocytes (spleen) C57BL/6 i.p. injection i.v. injection splenocytes (spleen)
(0.01-0.2 mg mRNA/kQ) OVApep~: CFSElow (1 mg/head) (0.03 mg/kg) (1x107 cells/head)
(£, 6W) i (%, 6w)
! OVApep+: CFSEN ! [ OVApep~: CFSElow ]
OVApep*: CFSEN
% OVApep: a class I (Kb)-restricted peptide epitope
(257-264, SIINFEKL) of the OVA protein
100+ 000 UVvuU 1001
p=0.0312
80 oT0 80 i
) o° ) O
) ) _
O
2 60 (ﬁ 2 60 °
2 >
s 5 ©
® 40 ® 40
- o =l
= -
&) &)
20 20+
0 : : : : 0 : :
0.01 0.03 0.1 0.2 FTY FTY
mRNA dose (mg/kg) ) (*)

> Nearly 100% CTL activity was achieved at a dose of 0.1 mg mRNA/kg.
> Significant decrease in CTL activity was observed by pre-treatment of FTY,
indicating substantial contribution of MZB cells on CTL activity.



Confirming contribution of splenic MZB cells on inducing CTL activity

[lipid composition] TOT-5/DSPC/Chol/PEG/DIiD = 65/15/20/1.5/0.5 (mol%)

p = 0.0003
40
0 5 (20 hr) 6
} } f day
C57BL/6 transplantation (i.v.) FCM 30+ O
(2, 6wW) of splenocytes (spleen)

1x107 cells/head )
5x10° cells/head [(OVApep': CFSEmW)] S

| L. OVApep+: CFSEN 2 207
. mMRNA-loaded 'S

~ 15%DSPC-LNP ! \ - o

splenocytes  pan B MZB g 10

S Lt S T
0.2 ma/ks ®° 000 ®0e =
2 @00, 000, 00D 3)

i.v. \ \A
@1 hr MACS MACS — O
sorting sorting
} o L
o}
-10 Q , , ,
MZB MZB PanB All
Fluc mRNA OVA mRNA

> Significant induction of CTL activity was detected by transplantation of MZB cells collected from
OVA mRNA-treated mice, proving contribution of splenic MZB cells on inducing CTL activity.



Therapeutic antitumor activity of 15%DSPC in E.G7-OVA tumor model

0 7 10 19
_ e : : day

E.G7-OVA cell Y ]
s.c. inoculation OVA mRNA-LNP measure
(5x105cells/mouse) i.v. injection (1) tumor size

B

C57BL/6
(7, 6w) (0.2 mg mRNA/kg)

[lipid composition]

TOT-5/DSPC/Chol/PEG = 65/15/20/1.5 (mol%) X LPX: a formulation for cancer mRNA

vaccines developed by BioNTech.

4000
-o- PBS
&~ EGFP mRNA-LNP
~- OVA mRNA-LNP
&= 30001
E ~- OVA mRNA-LPX
£ b = 0.0007 > OVA mRNA-loaded TOT-5-LNPs showed clear
= 2000 6<0.0001 therapeutic antitumor effect in E.G-OVA tumor-
; bearing mice, suggesting their ability to induce
£ antigen-specific cell-mediated immunity.
2 1000

0 2 4 6 8 10 12 14 16 18 20 22 24
Days after inoculation

n=3-4, **p<0.01, Turkey’s test



Safety of 15%DSPC

Monitoring body weight

[lipid composition]

“ il o 3 7 day TOT-5/DSPC/Chol/PEG = 65/15/20/1.5 (mol%)
A A ,
OVA mRNA (SmOU)'LNP S.erum Chem|§tw paran.‘lete.rs .
C57BL/6 i.v. injection histopathological examination (liver, spleen)
(%, 6w) (0.2-2 mg mRNA/kg)
PBS 0.2 mg/kg 1.0 mg/kg 2.0 mg/kg PBS 0.2 mg/kg 1.0 mg/kg 2.0 mg/kg
19- TP N ALT
~ (g/dL) 5.1+0.1 5.2+0.1 5.2+0.1 5.1+0.1 (1U/L) 18.0+0.7 18.3+1.6 17.0+2.1 18.5+1.1
=+ ALB LDH
. _ (g/dL) 3.7£0.04 3.7+0.07 3.6+£0.07 3.5+0.07 (1U/L) 228.8+43.0 227.0+£30.1 289.5+£50.1 304.3£15.8
] T BUN AMY
a (mg/dL) 22.2+1.0 21.3+£1.0 19.9+1.4 19.7+1.7 (1U/L) 1911+78 1763+20 2053+66 1901+116
CRE V-GT
E . —o- PBS (ma/dL) | 0-1£0.01  0.£0.01 0.10.01 0.1£0.00 | 7/ <3 <3 <3 <3
| Na T-CHO
o . 150.0+1.0 150.3+0.4 152.5+0.5** 149.5+0.5 71.5+2.1 67.5+2.1 71.0+£2.7 71.5+8.0
2 - 0.2 mg/kg (mEqg/L) (mg/dL)
3 - 1.0 mg/kg EK L 7.9+0.6 7.2+0.4 6.1+0.3%* 7.0+0.2 TGdL 47.5+6.3 42.3+2.5 60.5+18.0  44.8+11.1
> 167 = 2.0mgk (e (ng/db)
T 0 mgrkg ¢ 107.040.7 108.3+0.8  109.0¢1.6  107.5+0.9 | FP-"C 443418 415811 44322  42.845.7
8 (mEq/L) (mg/dL)
€ y| 110201 109%02 107204 106402 | TPl 0.1£0.01  0.1+0.01  0.1£0.00  0.1£0.04
151 (mg/dL) (mg/dL)
1P 10.840.4  10.040.1  10.02¢0.7  10.040.5 | OV 381.0424.8 339.3+28.6 364.8441.2 357.5+46.5
(mg/dL) (mg/dL)
AST 43.0+2.7 45.8+2.2 46.8+2.6 51.3+£8.0 *p<0.05, **p<0.01, nrANOVA followed by Dunnett’s test vs. PBS
14 : : : : : (Iu/L)
0 2 4 6 8 10
PBS 0.2 mg/kg 1.0 mg/kg 2.0 mg/kg
Days 1[2[3]4] 1 [ 2 [ 3] 4] 1]2 4 | 1 [2] 3 |4
Liver
Abnormal findings [-T-1-1-1] - - - -1 -1 - [ -] -T1-71-1-
Spleen
Enlargement of the white pulp [-]-[]-]-T ][] x]x]xx]x]x]x[+]=x]+
> NO ObViOUS Signs Of toxicity — :no abnormal = :slightly weak + : weak +4 : medium +4+ : high

were detected.

- Confidential -

n =4, meanxSD



Application of 15%DSPC-TOT-5-LNPs for intramuscular vaccines

[lipid composition]
TOT-5/DSPC/Chol/PEG = 65/3 or 15/20 or 32/1.5 (mol%)

0 6

‘ : h
” Fluc mRNA-LNP VIS
C57BL/6 i.m. injection (ex vivo)
(%, 6\,{,) (5 ug mRNA/head)

» Fluc expression at injection site was low for
15%DSPC.

» Fluc expression in the liver was significantly
suppressed in 15%DSPC, reflecting organ
selectivity after intravenous administration.
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Application of 15%DSPC-TOT-5-LNPs for intramuscular vaccines

0 7 14
” 4 A ' day [lipid composition]
OVA mRNA-LNp ~ OVA-specific CTL (spleen) TOT-5/DSPC/Chol/PEG = 65/3 or 15/20 or 32/1.5 (mol%)
C57BL/6 i.m. injection aOVA IgG (serum) SM'lOZ/DSPC/ChOl/PEG _ 50/10/40/15 (m0|0/0)

Absorbance at 450 nm

(%, 6w) (10 yg mRNA/head)

aOVA IgG (serum)

OVA-specific CTL (spleen)

» 15%DSPC-LNP showed comparable and better induction of anti-OVA IgG level and

OVA-specific CTL, respectively, compared with SM-LNPs (Moderna’s vaccine-mimic).

=0.0104
-~ PBS 120000+ 9- P
~~ Fluc mRNA-15%DSPC —
~- OVA mRNA-15%DSPC
O
—- OVA mRNA-3%DSPC 90000- ©
] « X6
~- OVA mRNA-SM i o L6
2 . £ B
5 60000 39 3;3 +o
2’ < ™
o >0
O & 3-
O o
I N | S 300001 5|6
O
104 105 106 107 oL ‘ ‘ 0 0-0-0
. . I I I I
Serum dilution L L Y —15%DSPC —  3%DSPC ~ SM
,\6\9 03,\9 Fluc mRNA OVA mRNA



Application of 15%DSPC-TOT-5-LNPs for intramuscular vaccines

Monitoring body weight

0 7 14

day

[ [ [

1 I 1

Cmill 5 |
OVA mRNA-LNP Serum Chemlstry parameters

[lipid composition]
TOT-5/DSPC/Chol/PEG = 65/3 or 15/20 or 32/1.5 (mol%)

SM-102/DSPC/Chol/PEG = 50/10/40/1.5 (mol%)

C57BL/6 i.m. injection histopathological examination (liver, spleen)
(%, 6w) (10 yg mRNA/head)
18- PBS 15%DSPC 3%DSPC SM PBS 15%DSPC 3%DSPC SM
TP ALT y »
(a/dL) 5.3+0.2 5.4+0.2 5.3+0.2 5.3+0.3 quLy | 178416 20.5+2.3  68.3429.2% 72.0+29.8
ALB LDH
(a/dL) 3.8+0.1 3.740.1 3.6+0.1 3.6+0.2 (IUjL) | 397-5%76.9 344.04225.5 615.048.6 362.04104.8
171 BUN AMY
— 16.8+0.5 20.842.2 19.3%3.0 24.6£3.0 1720.0+157.6 1802.5+45.1 1829.0+112.8 1851.3+120.5
) (mg/dL) (1U/L)
- CRE V-GT
_g o PBS (ma/dLy| 0-1%0-01 0.2+0.02 0.1+0.01 0.140.01 | Y7/ <3 <3 <3
S Na T-CHO
g 16 B 15%DSPC (mEq/Ly| 156:0417  153.840.8  152.8+15% 155.8+1.1 | o) | 87.343.9 82.8+4.3 77.845.9  76.3+11.8
< W 3%DSPC &oy| 62404 6.7+1.5 6.5+0.2 6.6+0.7 18| 523488  413+06 448477 3331209
S = sum (m ?/ ) (mg/dL)
o c 109.0+1.4  110.8+1.8  109.3+2.0 112.3x0.8 | MPLC | 513+18 48341  458+1.5  41.8+8.1
(11} 151 (mEg/L) (mg/dL)
Ca 10.7+0.3  10.3#0.2  10.5¢0.2  10.6+0.3 |, B | 014001  0.1£0.01  0.1£0.01  0.1£0.02*
(mg/dL) (mg/dL)
1P 12.940.6  11.3#3.0  12.7+#1.0  12.7¢0.6 |, CtY | 225.5430.2 214.5+38.4 224.5+5.4 166.5+17.9*
(mg/dL) (mg/dL)
14 ; ; , AST 42.8+2.2 45.346.5  85.3%25.3 159.3+110.4 *p<0.05, nrANOVA followed by Dunnett’s test vs. PBS
0 5 10 15 (IV/L)
PBS 15%DSPC 3%DSPC SM
. Days _ 2 1314 1T [ 21314 112 3411234
> 15%DSPC-LNP showed better safety Dver __ , —
. . epatocellular necrosis - - - - - - - - - - - -
prOﬂle Compared with SM-LNPs Enlargement of the portal region i i i i i i i i i i i n B e B
hepatic cell
Enlargement of the Kupffer cell - - - - - - - EE st + £ + + + + |
1 (o) - Increased mitotic count - - - - - - - - - - - - - - +
» Spleen selective  15%DSPC-LNPs eee
would be effective and safe IM [Extramedullary hematopoiesis - - - [+ [ [++ ] = [ + [ + [ = - [ ++ [ + [ ++ ] ++
. Enlargement of the white pulp - - - - - - - - - - - - + + -
mRNA vaccines. — :no abnormal = :slightly weak + : weak +4 : medium +4+ : high

n =4, meanxSD



Current limitations of mRNA-LNPs
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Inactivation of mRNA through adduct formation reported by Moderna

HONNW\/\jL;/\/\/\/\/\/
\l/ oxidation
oxidized o
SM_lOZM/(ZVAZ/
'o\N+
o W\/\)(io/\/\/\/\/\/
\l/ hydrolysis

secondary o)
amine

NH
HO ™
+

fatty aldehyde
H__O

\i/\)(io/\/\/\/\/\/

Addition to nucleobases of mRNA

— inactivation of mRNA

Addition reaction of aldehyde to nucleobase (amine)

Yol

e M HH Y QOHE R R*
, 5 +H™-H i +H -H ~ 2, -H,0
R——R > | R—R > RC,.| R » T

7 - — i -

H-=N N 3 N2 N.g3

| Hip R R

H

hemiaminal

Ex) addition to cytosine base

HN OH o
526.30 K\MO/\/\/\/\/\/
e ) D o 5 NSO

[M_H]- \5_1 Exact Mass: 527.32
H H

204.08 A132.03 OH o
N

- HN
1112.08 i ‘
N
H

Signal Counts

)\O Exact Mass: 395.28

| ‘[M-H]' J Adduct formation was observed in >100 types
nnnnnnn T o1 of the tested Moderna’s ionizable lipids.

Mass-to-Charge (miz) Packer M et al., Nat Commun, 12: 6777 (2021)

General inactivation pathways for

Ex) 4000 nt length of mMRNA and N/P ratio of 6 tertiary amine-based ionizable lipids
24,000 molar excess ionizable lipids against mRNA exist in LNPs
— 24 molar excess amounts of aldehydes are produced after only 0.1% of ionizable lipids are oxidized/hydrolyzed

— Strategy to minimize generation of fatty aldehydes is desired in addition to manufacturing process control




Piperidine-based CL15 lipids showed enhanced stability at 4°C in vivo
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> Activity of all conventional ionizable lipids dropped down in a time-dependent manner
while both CL15 lipids showed no detectable loss of activity



Hypothesis: relationship between headgroup structure and adduct formation

General ionizable lipid with linear linker to amine
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Summary

» Use of TOT-5 and increasing DSPC content achieved specific delivery of mRNA into MZB cells and
strong antigen-specific immune response after i.v. and i.m. administration with improved safety
compared with clinically approved vaccine formulation.

» Further optimization of vaccine formulation for improving safety is currently under examination.

> Ionizable lipids with improved thermostability suitable for vaccine formulation are currently being
synthesized.

Future plans

» Submission of new patent regarding ionizable lipids with improved safety and thermostability.
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