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In Vitro transcription

IVT is the process of DNA
template-directed RNA
synthesis in a tube

(or bioreactor)

* RNA polymerase

* Transcription template

e Standard and/or modified NTPs
* Cap analogs (optional)

* Inorganic pyrophosphatase

* RNase inhibitor

e Reaction buffer

RNA polymerase
Coding strand l

Messenger RNA
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Mature mRNA structure

Nucleoside-modified mRNA Sequence-engineered mRNA

e.g., ¥, m1¥, 5meC e.g., GC motif, structural UTR elements
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Cap Analogs '

Open reading frame End Structures
e.g., CleanCap reagents
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(>)  Nuclear export

MRNA cap
structure ® splicing
functions

— (>) Translation initiation

MRNA cap structures are

involved in modulating: (>) De-capping/turnover

(>) Self/non-self recognition

¥ lrilink
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Endogenous cap structures are methylated

e

- Binding by cytosolic
receptors triggers innate
immune response

Not abundant in
higher eukaryotes
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Endogenous cap structures are methylated

e

- Bound by cytosolic
receptors triggers innate

Not abundant in
higher eukaryotes
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Found in ~50% of
eukaryotic mRNA
Cap1l
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Endogenous cap structures are methylated

HO OH
/

Not abundant in - Bound by cytosolic
receptors triggers innate .

higher eukaryotes immune response
HoaN_ N N

e 0

Found in all S .
. romotes Iransiation
eukaryotic mRNA

Found in ~50% of
eukaryotic mRNA
Cap 2

—-> Dynamic aging marker
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Capping strategies for mRNA manufacturing

Generation Cap Analog

Enzymatic capping 1st Cap and mCAP (Cap 0)

2nd Anti-reverse cap analog (ARCA, Cap 0)

Co-transcriptional

capping
3rd CleanCap® Reagents (Cap 1)
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Co-transcriptional capping

ARCA vs CleanCap Reagent

HM

HO OH

ARCA CleanCap Analog

ARCA ;.. " GpppG  ------ ®

]
Template 3’—ATATCCC-5

T7 Promoter Regiont *1 +2 +3

CleanCap Cap 1AG ™'GpppA,G ------ Y

|
Template 3’ —ATATT CC-5

T7 Promoter Region -1 *1 +2 +3

GTP starvation in IVT = Low mRNA Yields per IVT reaction No NTP limitations required = Higher mRNA yields per reaction
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Simplified mRNA manufacturing with CleanCap® technology

ARCA CleanCap technology

Co-transcriptional capping reaction Co-transcriptional capping reaction
vV
Purification
vV
A4
Phosphatase
vV
Purification Purification
A4 A4
Final Processing Final Processing
Cap 0 mRNA Cap 1 mRNA
60%—80% Capped 95%—99% Capped

Transcription

Yield O Loy
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Expanding the CleanCap® family | Evolution of the technology

CleanCap AG CleanCap AG 3’'OMe
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Impact of cap structure on mRNA quality attributes

\"A) . Capping . . Residual
Reaction Yield Integrity Efficiency Relative dsRNA | Residual DNA Protein

5’Cap

ARCA~ . .
(Cap 0) 1.3 mg/mL 78.6% 80% +++ 1.54 ng/mg <%
N1-methylpseudo- |
UTP modified CleanCapAG
Firefly luciferase (Cap 1) 4.7mg/mL 93.3% 97% ++ 1.27 ng/mg <2%
(FLuc)
CleanCapAG 3 4.4 mg/mL 94Y% 96% ++ 1.22 ng/mg <2%

OMe (Cap 1)

mRNA integrity by IP-RP-HPLC; Capping efficiency by LC-MS; dsRNA by J2 blot; Residual DNA by qPCR; Residual Protein by NanoOrange
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Capping Strategy Data

Luciferase mRNA Expression in Mice

&

Formulation In Vivo Analysis

API

mRNA synthesis LNP formulation Inject mice with LNP encapsulated mRNA
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Improved protein expression with modification on m7G - CleanCap® AG 3’OMe
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CleanCap”® Analogs in COVID-19 Vaccines - CleanCap AG 3’'OMe
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A prefusion SARS-CoV-2 spike RNA vaccine is highly immunogenic and prevents
lung infection in non-human primates

Rapid development and deployment of high-volume
? A‘nnette B.Vogel, Isis: Ki!m?\-'.sl_(y,‘f"el Che, Kfna A.IS?\ra.nslon‘,ﬁI\IIexand?r Muik, Malmials’\!"or.lm_e‘_hn L!?I'_Iil M. Kranz, Vaccines fOI' pandemic response

Zoltan Kis'® | Cleo Kontoravdi® | AntuK.Dey’ | Robin Shattock® |
Nilay Shah'

nature y

Explore our content v Journal information v Manufacturing of RNA

BNT162bl incorporates a Good Manufacturing Practice (GMP)-grade mRNA drug substance

nature > articles > article that encodes the trimerized SARS-CoV-2 spike glycoprotein RBD antigen. The RNA is
generated from a DNA template by in vitro transcription in the presence of 1-
methylpseudouridine-5"-triphosphate (m1WTP; Thermo Fisher Scientific) instead of uridine-

Article ‘ Published: 30 September 2020 5-triphosphate (UTP). Capping is performed co-transcriptionally using a trinucleotide cap 1

COVID-19 vaccine BNT162bl1 elicits human antibody analogue ((my">"%)Gppp(m® ©)ApG: Triink). The antigen-encoding RNA contains

sequence elements that increase RNA stability and translation efficiency in human dendritic
and THl T Ce“ responses cells'™>™. The mRNA is formulated with lipids to obtain the RNA-LNP drug product. The

Ugur Sahin &, Alexander Muik, [..] Gzlem Tiireci vaccine was transported and supplied as a buffered-liquid solution for intramuscular
injection and was stored at -80 °C.

Nature 586, 594-599(2020) | Cite this article
95k Accesses | 21 Citations | 732 Altmetric | Metrics
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01 History of capping technology
02 Introduction of our newest cap analog - CleanCap®M6

03 Economics of CleanCap°® technology
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Synthesis, screening and testing of novel cap structures

Screening process In vivo testing

Firefly luciferase mRNA with over 20 new cap analogs

* Cap analog synthesis — Library of over 65 unique cap . LNP formulation
modifications * Tail vein injection (1mg/kg)
— Modifications to m7G, modifications to 5’ppp5’, modifications to +1A, etc. * Body weights tracked out to 96 hours post mRNA delivery

* Screening those caps in IVT for capping efficiency with T7 * Imaging at 3, 6,9, 12, 24, 36, and/or 48 hours post mRNA delivery by whole
RNA Pol body bioluminescence
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Our newest
cap analog

CleanCap® Reagent M6
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m6AmM modified caps occur naturally — Applying rational design principals

Nature Vol. 257 September 18 1975
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N¢, 02'-dimethyladenosine a novel

methylated ribonucleoside next to the
5" terminal of animal cell and virus mRNAs

MODIFED *terminal structures of the type VG JppR(S INmM
have been identifid in various viral'* and cellular™* MRNAS.
“The §"terminal modification of MRNA may be carried out by
specific guanylyl- and methyliransferases’ and. the Strutlure
scems to be required for efficient fx vifro translation®. Studies*
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Reversible methylation of m®A,, in the
5’ cap controls mRNA stability

Jan Maner', Xiaobing Luo?, Alexandre Blanjoie’, Xinfu fiao?, Anya V. Grozhik!, Deepak F: Paril', Bastian Linder',
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Internal bases In mRNA can the fate of MRNA In cells. One of the most
atthe first
cap. 3,2 i),
fate. A We find that m°A,,-initiated transcripts are markedly more
mA
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SUMMARY

FTO, the first RNA medi-

Becauss of these intriguing phenctypes, extensive aforts
hava been devated toidentily the substrate(s) andto et

functionof FTO. FTO was frt reported ocatalyze

ates the demethylation of internal N*-
sine (m*A) and N¥, 2-O-dimethyladenosine (m®A,) at
the +1 position from the 5' cap in mANA. Here we
demonstrate that the cellular distribution of FTO is
distinct among different cell lines, affecting the ac-
cess of FTO to different RNA substrates. We find
that FTO binds multiple RNA species, including
mRNA, snRNA, and tRNA, and can demethylate inter-
nal m®A and cap m®A,, in mRANA, internal m®A in U
RNA, internaland cap m®A,, in snRNAs, and N'-meth-
yiadenosine (m'A) in tANA. FTO-mediated demethy-
lation has a greater effect on the franscript levels of
mRNAS possessing intemal m®A than the ones with
m°Ar in the tested cels. We also show that
10 2an directly repress translation by catalyzing
m'A tRNA demethylation. Collctively, FTO-medi-
ated RNA demethylation occurs to m*A and méA,, in
mRNA and snRNA as well as m'Ain tANA.

INTRODUCTION

Fat mass and obesity-associated protein (FTO) has been sug-
‘gested to comlts with human obesity by genome-wids associ-
ation study (GWAS) (Fawsatt and Baroso, 2010). A genetic
variant of FTO has been shown to ba associated with increased
#ood intake (Cecil ot al, 2008), whereas loss-of-unction muta-
#ions in FTO cause severs growth retardation (Boisssl st al.,

in single-strandad
DNA (Gerken ot al, 2007) and 3-mathyiuraci @mel) in RNA (Jia
&t al., 2008) as an ironfll}- and a-ketoglutarate («KG)-dependant
dioxygenase. Later, FTO was kisrtified as the first ANA deme-
thylase that catalyzes reversal of N°-methyladenosine m°A)
methylation in MANA in wtro and in calks (Fu &t &l 2013; He,
2010; Jia et al, 2011). m®A is the most abundant intemal modi-
fieation in mammalian mANAs (Fu st ., 2014). Adjacart to the
5 cap, tha second base inmany mANAS an be 2'-O-methylated
(Ad: dCary, 1975; Waiat al, 1975b),
bases aleo bearing m®A methylation, to form m®A,, (Wi et al.,
19752), deposited by a yat to be identifed methyitransiarase.
This modificaion was confimed by transcriptome-wide
mA-saq and exists in considerably lower overall abundance
compared with méA (Linder st al., 2015; Molinis &t al., 2016),
The m°A pmmuimﬂa,.sknmm be an in vito substrate
f FTO (Fu, 2012, with 2 recent study showing that mPA,, stabi-
izes mANA by preventing DCP2-medisted decapping and
microPNA-medisted mPNA degradation (Mausr at al., 2017)
However, the functional relevance of m®A,, removal by FTO
has yet to be fully explored

Surprisingly, this study also suggested that internal mANA
miAs may not ba relevant substrates of FTO (Mausr ot al,
2017), tarange of aftected
by the demethyiation af internal mPA in the last several years
FTO-medisted meA demathylation is critical in the DNA UV
damaga respanse, with the m*A methylransferasa
METTLY/ 14 exhibiting the opposita function (iang ot a1,
2017); FTQ plays noticsatie roles in Flawivindae famiy vius
infection by demethylating viral RNA m°A in host cels (Gokhale

v nature comcr
v colresearch.com

LETTER TO THE EDITOR OPEN

Cell Research

Cap-specific, terminal N®-methylation by a mammalian m®Am

methyltransferase

Gell Research (2019) 29:80-812: htps.//G0Lorg/10.1038/541422-018-
oz

Dear Editor,
Dynamic and reversible N°methyladencsine (m*A) ANA methy-
lation has been found to greatly impact geng exprassion leading

‘eukaryotes exists,

g . The s an s
metquanczine (m'G] Cap Gn be memylted # the 2+

Wﬂw ‘group; and when the first nuclectide is 2-0-methylade-

rosine (). 1t can be forthar methyisad a the A postion 1o

Become ' Am. m°Am was frst identified n animal cell and vins

mRNA in 1975' m\ yem later lhv mmhym:nsfeﬁse W‘

Gulﬂm the mmwumn of mCAm, nnpem‘lrg on its sub-
cellular localizations.** By changing FTO levels, m"Am at mRNA

unambiguausly identifed. significantly hindsring the funcional
and mechanistic study of m
To dizarly Mentfy the M)nmnsfeuse we fractioned the cell

route of cell iysates, based on the procedure originally repored”
{Supplementary iformation, Fig 516, snd subjected the fractions
of Nigh W-methyistion actiaty 10 protein Kertfeamon by

ramed ‘phosphorylated CTD-imeracting factor 17 (ar POFI}

(Fg. 1b; Suppiementary infarmation, Fig $1c), which was bicinfor-

matically proposed 10 be a DNARNA N-.adznosine methyttrans-

ferse? PO was riginaby lerifed an ramed s o bty
10 drecty bind to

suggesting that PCF1 s 3 specifc methylransferase for the
ral m"Am. Encouraged by the in vivo fesults, we then
expressed and purihed recombinant PCIFI protein, and tested
her the single protein is capable of
substiates under in vitra condibons (Suppiementary informa-
tion, FigS2d). The highest activicy of POF1 was obtained with
RNA Probs1 beginning with a complete ca
™ GpppAM: much lower activity was found with RNA beginning
with GpppAm; and barely detectable activity was found with
Ne. beginning with pppAm ar RNA Probe-2 with an intarnal Am
(Fi. 1e]. The above enzymatic preference was also Supportd by
biachemical experiments using two diferem RNA probes
(Probe-3 and Probetl which in additon showed that the
tbcse 20 methylaten I requied for opumsl metofaion
activity 25 well (Supplementary information, Fig $2d|. Moreover,

matif that is characteristic of adenosine methyliransferases, and
found that the disruption of this motif reduced the methyl-
transferase sctvty of the murant proteins (Fig. If; Supplemen-
wry infommation, Fig$1d). Because PCF1 is highly conserved

that PCIFT is 3 novel mammalian m*Am writer, which is specific
for the S-end capped RNA.

To identiy the ANA targets of POFI, we performed m!
‘experiments for POF knockdown and control cell wsing an ang-
mPA antibocy** Because the antibody recognizes m"Am and m°A,
both types of modifications were enfiched and hence detected
simuhaneously.® m*A modificadons are known to be enviched
‘around 3-UTR, with a small porsion also present intermally in the 5 -
UTR: while m*Am modifications localized at the 5end of RNA We
envisioned that the cap-speafic POF1 shoukd selectively alter the
TEAm modic

the
polymerase Il via its WW domain’; heqxewwassnﬁlllaiw phy

a role in mRNA biogenssis. Howsver, no srzymatic activity has
beon reportad for POFT.

To test whether PCF1 possesses methyimansferase activity
in vivo, we first knocked down PCIFT in HEKI93 cells by two
independent SIANAS and confirmed the knockdown efficiency
by QRT-PCR (Supplementary information, FigS2al. We then
measured the level of m°Am in palyA+ RNA fraction s
decpping g ICMSIMS. e were sble to obmsce
redu mEAm tovel Upon FOF1 knaddonn (9. 16
Suppiement ary information, Fig.52bl; importantly, the level of
the intemal m°A modfication remained unchanged (Fig. 1),

transcript. for which we found a ¥'end peak and a 3'-UTR peak by
miAseq (Ag. 1h); only the former peak undarwent 3 clear
reduction whie the latter remained the same. We then grouped
the ennched peaks int thiee categones and agan oberved
significanty decreased signaks for the m°Am peaks afer POF]
knockdown when comparing 1o the m°A and m'A-mAm
casguris Fg. I Suppementry mbmaton, Table Sil
We further adoptad a diferent m Aseq procedure that can
presane e 5-£nd information of ol A, and 535 ound 3
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CleanCap® M6 — the newest cap analog in the CleanCap® portfolio

@
N X N
0 </ [meA
HO 0— A N =
® (0] P—© N
S \\P—O/ Q G
ynonyms N
0 7 N 0
H,N N N o ©O a o
© CleanCap m6AG iy | > ) -
m 3Na* —P O NH
(3’OMe) HN X ; A ¢ | G)\
Il | O o I NT N,
© m7(3’'0OMeG)(5’)ppp ° _L/
(5'Ym6(2'0OMeA)pG y
HO OH
Methylation of the N7 m6A modification
position to give positive 3’ OMe modification — 2’0OMe modification hinders d - d
charge — required for enhances translation giving the Cap1 structure inders decapping an

o lation®*
elF4E binding promotes translation

* Mauer, J., Luo, X., Blanjoie, A. et al. Reversible methylation of m6Am in the 5’ cap controls mRNA stability. Nature 541, 371-375 (2017). https://doi.org/10.1038/nature21022
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Growing the CleanCap® family | CleanCap® AG technology portfolio

CleanCap AG CleanCap AG 3’'OMe CleanCap M6

m6A

NH NH,

’ N7mG 3’ OMe N7mG 3’ OMe

HO OH
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Maintenance of capping efficiency across CleanCap® family members

CleanCap AG CleanCap AG 3’'OMe CleanCap M6

97.9% 97.3% 97.6%

& 8 i
g 3 g
H g g
g & g
8 o 8
4.7E+008 5. 364008 1 5.6E+008
3.7E+008 4.3E+008 4.5E+008
2.8E+008 3.2E+008 3.4E+008
> > >
32 2 2
4 ] 5
] ]
g g
§ § 5
t € t
& 5 &
1.9E+008 2.1E+008 2.3E+008
o 5
I 3 4 £
3 : § g g 85 m 2 i 2 2 g
b g 4 £ 5 ] 8 ¢ : F g ; & g
9.3E4007 9 ¥ g § L 1.1E+008 H § ¥ &3 : 1.1E+008 3 § H @
3 ] ] § 3 = i 8 £8 & £ H & 4
8 : ] 3 2 8 4 3 b 5 # 9 3 A
o = d 4 s g i = g d
e
0.0E+00 0.0E+00 0.0E+0
8.0 32 0.4 116 128 1d.0 8.0 52 104 106 128 14.0 8.0 972 10.4 16 128 4.0
Tine (nin) Time (min) Time (min)

Capping efficiency by LC-MS - all cap analogs produce >95% capping efficiency
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CleanCap® M6 analog quality attributes are
maintained using different sequences and lengths

Constructs IVT Reaction Yield

eGFP ~ 1kb 4.4 +0.1 mg/mL
CleanCap M6
N1-methylpseudo-UTP FLuc ~2 kb 5.15+ 0.1 mg/mL
modified bases
Cas9 ~4.5 kb 5.1+0.1 mg/mL

Capping Efficiency

97.9+0.4%

99.6 +0.1%

97.2+1.2%

Relative dsRNA

++

++

Capping efficiency by LC-MS; dsRNA by J2 blot

©2023 Maravai LifeSciences. This document and its contents are confidential and proprietary and are not to be shared or redistributed without express consent.
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CleanCap® M6 analog significantly improves protein expression levels

M6 modification promotes higher protein translation (FLuc) than previously observed

Whole body luminescence from FLuc mRNA o
manufactured with different cap analogs
k%
Luminescence
AG AG 3'OMe M6
10° .
' 5 2.0E+12
: S
‘ 46' %k
3 =
=
b = T
: = 1
10 -
: £ 1.0E+12
; an
. [J]
, E
Radiance)
(zlslec::cml fsr) 0.0E+00
pin = 1,587 CleanCap AG CleanCap AG 3'OMe CleanCap M6

24 h post-injection

Performance of FLuc mRNA in an LNP-formulated, tail vein delivered mouse model. 1 mg/kg
dose per group. Luciferase activity, as photons per second, is measured after luciferin injection.
The difference between groups is cap analog structure. All other variables are controlled.

All groups of significantly different, ** p < 0.01, one-way ANOVA
Error bars are standard error of mean. n = 5/group
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CleanCap® M6 analog enables potential lower dosing scenarios

M6 modifications allows for lower mRNA dosing regimes to get similar protein expression levels

4.0E+12
%k kk
Standard dose (1 mg/kg)
> CleanCap AG 3.0E+12 =
z i
-§_ 2.0E+12
Standard dose (1 mg/kg) =
> CleanCap M6 % L 0E+12 -
<
0.0E+00
Low dose (03 mg/kg) CleanCap AG CleanCap M6 CleanCap M6
> CleanCap M6 (1 mg/kg) (1 mg/kg) (0.3 mg/kg)

All groups of significantly different, *** p < 0.001, one-way ANOVA Error bars are standard error of mean. n = 7/group
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Capping strategy comparison for potent mRNA manufacturing

Enzymatic capping Co-transcriptional
(Post-transcriptional) capping

4th CleanCap M6
Luciferase mRNA Expression in mice

LT T T T
| |
| |
I |
I |
| — |
1 ~ 1 Q) O
l o } l ° ) o p@
i — O D
i API i Formulation In Vivo Analysis
I l
I |
i 1
| I
] 1
1 1
: mRNA synthesis : LNP formulation Inject mice with LNP encapsulated mRNA
: l
| I
| |
I I

|
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MRNA quality attributes comparing CleanCap® technology to enzymatic capping

IVT Capping Residual

Relative dsRNA Residual DNA

Integrity Efficiency Protein

>" Capping Reaction Yield

Enzymatic (Cap ) /) o /mL 92.8% 99% t 1.27 ng/mg

1) <2%
CleanCap AG 4.7 mg/mL 93.3% 97% ++ 1.12 ng/mg < 2%
N1-methylpseudo- (Cap 1)
UTP modified
Firefly luciferase
(FLuc) CleanCap
AG 3’'0OMe (Cap 4.4 mg/mL 94% 96% e 1.22 ng/mg <2%
1)
C'e?é‘;;?)mfi 4.3 mg/mL 97% 97% + 0.44 ng/mg <2%

mRNA integrity by IP-RP-HPLC; Capping efficiency by LC-MS; dsRNA by J2 blot; Residual DNA by qPCR; Residual Protein by NanoOrange
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CleanCap® M6 makes mRNA more potent — superior protein expression compared to

enzymatically capped mRNA

Luminescence

Enzymatic M6

9.0E+10

8.0E+10

% % %k

7.0E+10 R

6.0E+10

5.0E+10

4.0E+10

Flux (photons/s)

Radiance
(p/secfem?fsr)

2.0E+10

Color Scale
Min = 1.58e7

Max = 1.81e9 12 h post-injection

1.0E+10

0.0E+00

Performance of FLuc mRNA in an LNP-formulated, tail vein 0 6 12 18 24 30 36 42 48 54
delivered mouse model. 1 mg/kg dose in each group.
Luciferase activity, as photos per second, is measured

after luciferin injection. The difference between groups is

the capping strategy. All other variables are controlled.

Hours post FLuc mRNA-LNP infusion

—&— Enzymatic Capping —@—CleanCap M6

*** p < 0.001, two-tailed T test. Error bars are standard error of mean. n = 9/group

©2023 Maravai LifeSciences. This document and its contents are confidential and proprietary and are not to be shared or redistributed without express consent.

Integrated Flux (photons/s)

1.8E+12

1.6E+12

1.4E+12

1.2E+12

1.0E+12

8.0E+11

6.0E+11

4.0E+11

2.0E+11

0.0E+00

Enzymatic
Capping

%k %k %k

CleanCap M6

*** p <0.001, two-tailed T test
Error bars are standard error of mean

n = 9/group
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Simplified mRNA manufacturing with CleanCap® technology

Transcription
Yield

Enzymatic Capping CleanCap

Transcription

Co-transcriptional Capping Reaction

A4

Purification

VvV

Capping

Vv

Purification

Purification

Vv

Vv

Final Processing

Cap 0 or Cap 1 mRNA
95%—-99% Capped

Final Processing

Cap 1 mRNA
95%-99% Capped

® High

® High

©2023 Maravai LifeSciences. This document and its contents are confidential and proprietary and are not to be shared or redistributed without express consent.
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Available now

SEREIENE MRNA service

cap analog

Modification

1 umol N-7453-1 Unmodified L-7507
Bases
Custom Base
5 I N-7453-5 . L-7508
Hmo CleanCap M6 capped Modified
CleanCap Reagent M6 custom mRNA
10 pmol N-7453-10 PsU L-7509
100 pmol N-7453-100 N1-Me-PsU L-7510
@ TriLink

©2023 Maravai LifeSciences. This document and its contents are confidential and proprietary and are not to be shared or redistributed without express consent.
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Clean Cap® M6 analog| The Clear Choice

Higher protein expression

* New cap structure can product 30%+
* Potential to increase potency of mRNA drug substance
* Lower doses results in higher manufacturing yield

N Provides category leading capping efficiency Maintains the one-pot workflow benefit of
N of >95% CleanCap technology
S N : :
2 * Increased IVT efficacy resulting in high * Simplified manufacturing process, decreasing
manufacturing yield process risk
* Demonstrates reduced immunogenicity * Lowers time, labor, and cost to manufacture

compared to other cap analogs

WTriLink

BIOTECHNOLOGIES
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Agenda

01 History of capping technology
02 Introduction of novel cap analog — CleanCap® M6

03 Economics of CleanCap® technology

W'TriLink
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/ Reagent costs

EconomiCS 'i'ﬁ‘ Labor costs
considerations of

MRNA capping &  rurification costs
strategies

—_— l!d Total manufacturing time

Third party study on economics of mRNA
manufacturing and cost drivers

30 interviews of Biopharmaceutical experts °

in North America and Europe .I Process deve|opment time
Quantified the raw material, labor and

opportunity costs and benefits of each

strategy

Challenges at large scale manufacturing

W TriLink
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Reagent cost comparison

Estimated Reagent Cost
for 1 g mRNA GMP Production

B Cost of Additional Reagent Required for Larger Bioreactor =~ B Reagent Cost for Equivalent Bioreactor Volume

Estimated both enzymatic $300 .
. . 248
capping and ARCA technologies _ $215 $221
lead to higher total reagent cost g 200 $55
per 1 g of produced mRNA, g
GMP-grade: »100
* ~S$248k for enzymatic,
SO
y ~$221k for ARCA ,‘L:\:F;'::;ih CleanCap Enzymatic Capping ARCA
e ~S$215k for CleanCap® technology
.~ Recovery Rate 85% 64% 64%
c
S
- . . «  pDNA: ~$92K «  pDNA: ~$122K
§ Major ) c:;;:‘_:i';'gzig‘“( . VCE: ~$55K «  2’-0-Methyltrans.: ~$31K
& Reagent Costs P ) e 2-O-Methyltrans.: “~S31K ¢ ARCA: ~S27K

* T7 RNA Pol.: ~$16K

T7 RNA Pol.: ~$21K T7 RNA Pol.: ~$21K

W'TriLink
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Process development time

Estimated Process Development Time

Process development time utilizing CleanCap co-transcriptional c
technology is estimated to be about % the time required to

optimize enzymatic or ARCA capping 4

* Simplified manufacturing process

* Fewer failure points/lower risk profile £ 3
S
E
CleanCap® Technology Capping Workflow Overview °§' ,
=
aahie, HO000 . g
25 g > 2
(0000 )
Bioreactor  In-process Affinity TFF #1 LNP
#1 QCs Chromatography #1 Formation
Enzymatic Capping Workflow Overview 0
CleanCap Enzymatic Capping ARCA
s (oooo s [oooo .
~ > @ﬂ > S o @ﬂ > > 2
JO0t0 [ioan PD Time ~2 months ~4 months ~4 months
Bioreactor  In-process Affinity +/- AEX TFF #1 In-process  Bioreactor  In-process Affinity +/- AEX TFF #2 LNP
#1 QCs Chromatography #1 QCs #2 QCs Chromatography #2 Formation

W'TriLink
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Total manufacturing cost comparison
I

Estimated Total Manufacturing Cost
When comparing the overall for 1 g mRNA GMP Production

manufacturing costs of the three $500 »
capping strategies, CleanCap® . 5415
technology is expected to be 30% P00
less than enzymatic capping and z -
20% less than ARCA. s !
8
$200

For 1 gram of GMP grade mRNA
batch, this CleanCap technology $100
showed an estimated savings of:
* ~5$135,000 compared to 50

enzymatic capping CleanCap Enzymatic Capping ARCA
° ~$110,000 compa red to ARCA capping B Reagent Cost M Purification Cost M Bioreactor Cost M Labor Cost

W'TriLink
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Manufacturing Costs at Large Scale

Estimated Total Manufacturing Cost

Costs are non_linear in the ra nge from 1 g to 40 g MRNA GMP Production
$14.0
of 1 to 40 gram »15.0
$13.0
: 2
'®) . o s

. $2.0 $3.7
T=2 51.949'9
$0.0 $1.4

1g 2g 5g 10g 20g 40g
At the greatest amount of production

as predicted for Phase Il studies,

ARCA and enzymatic capping are
estimated to be 30% and 40% more

expensive than CleanCap Corresponding Development
Stage for mRNA Therapeutics

Production Scale

—@—Enzymatic Capping —@=ARCA =—@=CleanCap

W'TriLink
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Conclusion slide — Benefits of using CleanCap® technology

éibi: OOQ

Reduce both reagent Cap1l structure —
and labor costs no extra steps

e Simplified and streamlined e CleanCap technology achieves
manufacturing process limited Capl structure without the need
excess raw material consumption for multiple enzymatic and
and labor costs purification processes

* Cost savings increase significantly * Extra bioreactor and purification
as manufacturing processes steps are a fixed cost per batch,
scale into late clinical and even with column reuse

commercial development

©2023 Maravai LifeSciences. This document and its contents are confidential and proprietary and are not to be shared or redistributed without express consent.

Process development time
is cut in half

* Simple processes decrease
process risk and accelerate
development timelines

* Preclinical velocity is key to bringing
new therapies to market

W'TriLink

BIOTECHNOLOGIES

part of Maravai LifeSciences



Who we are | TriLink BioTechnologies

CleanCap® NTPs
Determined to deliver innovative nucleic acid tools and Products &
services to help you bring transformative nucleic acid Technology Clea{/C}p/@ '
therapies from research to patients. >
V Vv

Technical expertise to support your programs:

@ Capping analogs, NTPs, and modified UTPs Services

@ Custom oligonucleotides
pDNA IVT reaction MRNA Analytical

@ Custom chemistry

(“) Plasmid manufacturing for mRNA Discovery Clinical GMP
Expert > manufacturing
@ Discovery mRNA Services (>25 years, >975 customers served) Support Process Development, Analytics, Quality Systems
@ GMP mRNA Services (>100 batches to date)
@ Process Development, Quality Systems, and Analytical Services
'
. S / Technology
i Rational > = = > advances
Innovation
R&D ’ N

W'TriLink
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Our history | Over 25 years of innovation in mRNA

MyChem

Cleanc GMP CleanCap® Acquired Late phase

TriLink . ebar; ap in FDA GMP mRNA
BioTechnologies First GMP-grade the uts Ent Grand opening approved Launched manufacturing
is founded mMRNA synthesis € marke of headquarters vaccine product GMP NTPs begins
®
1996 2011 2016 2017 2019 2020 2021 2022 2024
[ J [ J [ J [ J [ J [ J [ J ([ J ([ J

First to pr‘owde TriLink joins the Manufacturing CleanCap® mRNA
commercial IVT . . . . .
. Maravai family multi-gram expansion to commercial
mRNA synthesis i
for the indust mRNA as meet COVID expansion
or the Inaustry GMP grade vaccine
manufacturing
demand

W'TriLink
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Facilities to meet the demand in mRNA products and services

Wateridge facility

MRNA & related raw materials Nucleic acid production

* 118,000 ft? (10,963 m?) * 32,000 ft? (2,973 m?)

* mRNA services for development and * CleanCap Reagents and
early clinical NTP manufacturing

* CleanCap® reagents and NTP innovation * GMP raw materials for clinical and
and scale up commercial use

e BARDA Award

42 ©2023 Maravai LifeSciences. This document and its contents are confidential and proprietary and are not to be shared or redistributed without express consent.

Flanders building 2

Late phase clinical
MmRNA manufacturing

32,000 ft? (2,973 m?)

MRNA development
and manufacturing space

Phase 1 clinical and beyond
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Contact us

To order CleanCap® M6 analog

sales@trilinkbiotech.com

CleanCap® Reagent M6 | TriLink BioTechnologies
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mailto:sales@trilinkbiotech.com
https://www.trilinkbiotech.com/cleancap-reagent-m6.html

Thank you
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