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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
• Standard and/or modified NTPs
• Cap analogs (optional)
• Inorganic pyrophosphatase
• RNase inhibitor
• Reaction buffer

Coding strand
RNA polymerase

Template strand

Messenger RNA
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mRNA cap structures are 
involved in modulating:

mRNA cap 
structure 
functions

Nuclear export

Splicing

Translation initiation

De-capping/turnover

Self/non-self recognition
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Endogenous cap structures are methylated
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CAP 1

Found in all 
eukaryotic mRNA

CAP 0

Not abundant in 
higher eukaryotes

 Binding by cytosolic 
receptors triggers innate 
immune response

CAP 2

Found in ~50% of 
eukaryotic mRNA

Cap 0



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

CAP 1

Found in all 
eukaryotic mRNA  Promotes Translation

Endogenous cap structures are methylated
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CAP 0

Not abundant in 
higher eukaryotes

 Bound by cytosolic 
receptors triggers innate 
immune response

CAP 2

Found in ~50% of 
eukaryotic mRNA

Cap 1
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Endogenous cap structures are methylated

8

CAP 1

Found in all 
eukaryotic mRNA  Promotes Translation

CAP 0

Not abundant in 
higher eukaryotes

 Bound by cytosolic 
receptors triggers innate 
immune response

Cap 2

CAP 2

Found in ~50% of 
eukaryotic mRNA  Dynamic aging marker
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Capping strategies for mRNA manufacturing
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Generation Cap Analog

1st Cap and mCAP (Cap 0)

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

3rd CleanCap® Reagents (Cap 1)

Enzymatic capping

Co-transcriptional 
capping
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Co-transcriptional capping
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ARCA vs CleanCap Reagent

ARCA

VS

Template 3’ – A T A T C C C -5’

T7 Promoter Region-1   +1   +2   +3

Template 3’ – A T A T T C C -5’

T7 Promoter Region -1   +1   +2   +3

ARCA 3’Ome
m7 GpppG CleanCap Cap 1 AG   m7GpppAmG

GTP starvation in IVT = Low mRNA Yields per IVT reaction

~95%
Capped

~80%
Capped

No NTP limitations required = Higher mRNA yields per reaction

CleanCap Analog
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Simplified mRNA manufacturing with CleanCap® technology

11

Low High

Co-transcriptional capping reaction

Purification

Phosphatase 

Purification

ARCA

Final Processing

Cap 0 mRNA
60%–80% Capped

Co-transcriptional capping reaction

Purification

CleanCap technology

Final Processing

Cap 1 mRNA
95%–99% Capped

Transcription 
Yield
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Expanding the CleanCap® family | Evolution of the technology

CleanCap AG 3’OMeCleanCap AG

m7G

A

G

+1 2’OMe

m7G

A

G

+1 2’OMe

N7mG 3’ OMe
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mRNA integrity by IP-RP-HPLC; Capping efficiency by LC-MS; dsRNA by J2 blot; Residual DNA by qPCR; Residual Protein by NanoOrange

Sample​ 5’Cap​ IVT 
Reaction Yield Integrity Capping 

Efficiency​ Relative dsRNA​ Residual DNA​ Residual 
Protein​

N1-methylpseudo-
UTP modified​

Firefly luciferase
(FLuc)​

ARCA+*

(Cap 0)​ 1.3 mg/mL​ 78.6%​ 80%​ +++​ 1.54 ng/mg​ < 2%​

CleanCapAG
(Cap 1)​ 4.7mg/mL​ 93.3%​ 97%​ ++​ 1.27 ng/mg​ < 2%​

CleanCapAG 3’
OMe (Cap 1)​ 4.4 mg/mL​ 94%​ 96%​ ++​ 1.22 ng/mg​ < 2%​

Impact of cap structure on mRNA quality attributes
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Capping Strategy Data

Luciferase mRNA Expression in Mice

mRNA synthesis

1

API

Inject mice with LNP encapsulated mRNA

3

In Vivo Analysis

LNP formulation

2

Formulation

14
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Integrated luminescent signal from N=5 animals across all time points 
displayed as mean with standard deviation. Two-tailed student’s t-test was 

performed for all comparisons. ARCA signal is significantly lower than all 
other mRNAs (***p<0.0001, *p<0.01). CleanCap Reagent AG (3’ OMe) is 

significantly higher than CleanCap Reagent AG (**p<0.001). 

Improved protein expression with modification on m7G - CleanCap® AG 3’OMe

N7mG 3’ OMe

m7G

A

G
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CleanCap® Analogs in COVID-19 Vaccines - CleanCap AG 3’OMe

16
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Agenda

01 History of capping technology

02 Introduction of our newest cap analog - CleanCap®M6

03 Economics of CleanCap® technology
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Screening process In vivo testing
Firefly luciferase mRNA with over 20 new cap analogs

• LNP formulation
• Tail vein injection (1mg/kg)
• Body weights tracked out to 96 hours post mRNA delivery
• Imaging at 3, 6, 9, 12, 24, 36, and/or 48 hours post mRNA delivery by whole 

body bioluminescence

Synthesis, screening and testing of novel cap structures

• Cap analog synthesis – Library of over 65 unique cap 
modifications
― Modifications to m7G, modifications to 5’ppp5’, modifications to +1A, etc.

• Screening those caps in IVT for capping efficiency with T7 
RNA Pol.

T0

• Body weight

• Tail-vein injections

96H
• Imaging

• Body weight

6H
• Imaging

12H
• Imaging

48H
• Imaging

• Body weight

3H
• Imaging

• Blood draw

9H
• Imaging

24H
• Imaging

• Body weight

• Blood draw

72H
• Body weight
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CleanCap® Reagent M6

Our newest 
cap analog
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m6Am modified caps occur naturally – Applying rational design principals

20
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CleanCap® M6 – the newest cap analog in the CleanCap® portfolio

m7G

m6A

G

Methylation of the N7 
position to give positive 

charge – required for 
eIF4E binding

3’ OMe modification –
enhances translation

2’OMe modification 
giving the Cap1 structure

m6A modification 
hinders decapping and 
promotes translationǂ

ǂ 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​ 

Synonyms

CleanCap m6AG 
(3’OMe)

m7(3’OMeG)(5’)ppp
(5')m6(2'OMeA)pG
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Growing the CleanCap® family | CleanCap® AG technology portfolio

CleanCap AG 3’OMeCleanCap AG CleanCap M6

m7G

A

G

+1 2’OMe

m7G

A

G

+1 2’OMe

N7mG 3’ OMe

m7G

A

G

+1 2’OMe

N7mG 3’ OMe

m6A
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Maintenance of capping efficiency across CleanCap® family members

97.9% 97.6%97.3%

Capping efficiency by LC-MS – all cap analogs produce >95% capping efficiency

CleanCap AG 3’OMeCleanCap AG CleanCap M6
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CleanCap® M6 analog quality attributes are 
maintained using different sequences and lengths

5’ Cap Constructs Length IVT Reaction Yield Capping Efficiency Relative dsRNA

CleanCap M6

N1-methylpseudo-UTP 
modified bases

eGFP ~ 1kb 4.4 ± 0.1 mg/mL 97.9 ± 0.4% ++

FLuc ~2 kb 5.15 ± 0.1 mg/mL 99.6 ± 0.1% +

Cas9 ~4.5 kb 5.1 ± 0.1 mg/mL 97.2 ± 1.2% ++

24

Capping efficiency by LC-MS; dsRNA by J2 blot
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All groups of significantly different, ** p < 0.01, one-way ANOVA
Error bars are standard error of mean. n = 5/group

CleanCap® M6 analog significantly improves protein expression levels

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

24 h post-injection

AG 3’OMe M6 AG
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Whole body luminescence from FLuc mRNA 
manufactured with different cap analogs

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.

**

**

**
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CleanCap® M6 analog enables potential lower dosing scenarios

All groups of significantly different, *** p < 0.001, one-way ANOVA Error bars are standard error of mean. n = 7/group

M6 modifications allows for lower mRNA dosing regimes to get similar protein expression levels
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CleanCap AG
(1 mg/kg)

CleanCap M6
(1 mg/kg)

CleanCap M6
(0.3 mg/kg)
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Matched Dose Low Dose

***
Standard dose (1 mg/kg)
CleanCap AG

z

Standard dose (1 mg/kg)
CleanCap M6

z

Low dose (0.3 mg/kg)
CleanCap M6

z
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Capping strategy comparison for potent mRNA manufacturing

27

Generation Cap Analog
4th CleanCap M6

Enzymatic capping
(Post-transcriptional)

Co-transcriptional 
cappingVS

Luciferase mRNA Expression in mice
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mRNA quality attributes comparing CleanCap® technology to enzymatic capping

Sample​ 5’ Capping IVT 
Reaction Yield Integrity Capping 

Efficiency​ Relative dsRNA​ Residual DNA​ Residual 
Protein​

N1-methylpseudo-
UTP modified​

Firefly luciferase
(FLuc)​

Enzymatic (Cap 
1) 4.4 mg/mL​ 92.8%​ 99%​ ++​ 1.27 ng/mg​ < 2%​

CleanCap AG​
(Cap 1)​ 4.7 mg/mL​ 93.3%​ 97%​ ++​ 1.12 ng/mg​ < 2%​

CleanCap 
AG 3’OMe (Cap 

1)​
4.4 mg/mL​ 94%​ 96%​ ++​ 1.22 ng/mg​ < 2%​

CleanCap m6 
(Cap 1)​ 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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Performance of FLuc mRNA in an LNP-formulated, tail vein 
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.

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

n = 9/group

CleanCap® M6 makes mRNA more potent – superior protein expression compared to 
enzymatically capped mRNA
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Enzymatic Capping CleanCap M6
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*** 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

30

Transcription 
Yield High High

Transcription

Purification

Capping 

Purification

Enzymatic Capping

Final Processing

Cap 0 or Cap 1 mRNA
95%–99% Capped

Co-transcriptional Capping Reaction

Purification

CleanCap

Final Processing

Cap 1 mRNA
95%–99% Capped
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Available now

Standalone 
cap analog Size SKU

CleanCap Reagent M6

1 µmol N-7453-1

5 µmol N-7453-5

10 µmol N-7453-10

100 µmol N-7453-100

mRNA service Modification SKU

CleanCap M6 capped 
custom mRNA

Unmodified 
Bases L-7507

Custom Base 
Modified L-7508

PsU L-7509

N1-Me-PsU L-7510

31
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Higher protein expression
• New cap structure can product 30%+
• Potential to increase potency of mRNA drug substance
• Lower doses results in higher manufacturing yield

Provides category leading capping efficiency          
of >95%

• Increased IVT efficacy resulting in high 
manufacturing yield

• Demonstrates reduced immunogenicity 
compared to other cap analogs

Maintains the one-pot workflow benefit of     
CleanCap technology

• Simplified manufacturing process, decreasing 
process risk

• Lowers time, labor, and cost to manufacture

Clean Cap® M6 analog| The Clear Choice

Capping efficiency Manufacturing ease
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01 History of capping technology

02 Introduction of novel cap analog – CleanCap® M6

03 Economics of CleanCap® technology
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• Third party study on economics of mRNA 
manufacturing and cost drivers

• 30 interviews of Biopharmaceutical experts 
in North America and Europe

• Quantified the raw material, labor and 
opportunity costs and benefits of each 
strategy

Economics 
considerations of 
mRNA capping 
strategies 

Reagent costs

Labor costs

Purification costs

Total manufacturing time

Process development time

Challenges at large scale manufacturing
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Reagent cost comparison

Estimated both enzymatic 
capping and ARCA technologies 
lead to higher total reagent cost 
per 1 g of produced mRNA, 
GMP-grade: 
• ~$248k for enzymatic, 

• ~$221k for ARCA 

• ~$215k for CleanCap® technology

$187 $166

$61
$55

$215
$248

$221

$0

$100

$200

$300

Co
st

 (0
00

s)

Estimated Reagent Cost
for 1 g mRNA GMP Production

Cost of Additional Reagent Required for Larger Bioreactor Reagent Cost for Equivalent Bioreactor Volume

Capping 
Approach CleanCap Enzymatic Capping ARCA

As
su

m
pt

io
ns

Recovery Rate 85% 64% 64%

Major 
Reagent Costs

• CleanCap: ~$94K
• pDNA: ~$92K
• T7 RNA Pol.: ~$16K

• pDNA: ~$92K
• VCE: ~$55K
• 2’-O-Methyltrans.: ~$31K
• T7 RNA Pol.: ~$21K

• pDNA: ~$122K
• 2’-O-Methyltrans.: ~$31K
• ARCA: ~$27K
• T7 RNA Pol.: ~$21K
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Process development time

Process development time utilizing CleanCap co-transcriptional 
technology is estimated to be about ½ the time required to 
optimize enzymatic or ARCA capping
• Simplified manufacturing process
• Fewer failure points/lower risk profile

2

4 4

0

1

2

3

4

5

CleanCap Enzymatic Capping ARCA

PD
 T

im
e 

(m
on

th
s)

Estimated Process Development Time

PD Time ~2 months ~4 months ~4 months

CleanCap® Technology Capping Workflow Overview

Enzymatic Capping Workflow Overview

Affinity +/- AEX 
Chromatography #1

In-process 
QCs

TFF #1 TFF #2In-process 
QCs

In-process 
QCs

LNP 
Formation

z
Bioreactor 

#2
Bioreactor 

#1
Affinity +/- AEX 

Chromatography #2

Affinity 
Chromatography #1

TFF #1In-process 
QCs

LNP 
Formation

z
Bioreactor 

#1
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Total manufacturing cost comparison

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

enzymatic capping

• ~$110,000 compared to ARCA capping

$215
$248 $221

$80

$160
$160$1

$2
$2

$10

$32
$32

$305

$442
$415

$0

$100

$200

$300

$400

$500

CleanCap Enzymatic Capping ARCA

Co
st

 (0
00

s)

Estimated Total Manufacturing Cost
for 1 g mRNA GMP Production

Reagent Cost Purification Cost Bioreactor Cost Labor Cost

When comparing the overall 
manufacturing costs of the three 
capping strategies, CleanCap®

technology is expected to be 30% 
less than enzymatic capping and 
20% less than ARCA.
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Manufacturing Costs at Large Scale 

Costs are non-linear in the range 
of 1 to 40 gram 

$2.0

$4.0

$7.9

$14.0

$1.9

$3.7

$7.4

$13.0

$1.4

$2.9

$5.8

$10.0

$0.0

$5.0

$10.0

$15.0

1g 2g 5g 10g 20g 40g

Co
st

 (M
M

)

Production Scale

Estimated Total Manufacturing Cost
from 1 g to 40 g mRNA GMP Production

Enzymatic Capping ARCA CleanCap

Corresponding Development 
Stage for mRNA Therapeutics Ph I Ph II Ph III

At the greatest amount of production 
as predicted for Phase III studies, 
ARCA and enzymatic capping are 
estimated to be 30% and 40% more 
expensive than CleanCap

z
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z z z

Conclusion slide – Benefits of using CleanCap® technology

Cap1 structure –
no extra steps

• CleanCap technology achieves 
Cap1 structure without the need 
for multiple enzymatic and 
purification processes

• Extra bioreactor and purification 
steps are a fixed cost per batch, 
even with column reuse

Reduce both reagent 
and labor costs

• Simplified and streamlined 
manufacturing process limited 
excess raw material consumption 
and labor costs

• Cost savings increase significantly 
as manufacturing processes 
scale into late clinical and 
commercial development

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
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Who we are | TriLink BioTechnologies

40

Products & 
Technology

Services

Expert
Support

IVT reaction 

CleanCap® NTPs

pDNA mRNA

Process Development, Analytics, Quality Systems 

Determined to deliver innovative nucleic acid tools and 
services to help you bring transformative nucleic acid 
therapies from research to patients.

Technical expertise to support your programs:

Capping analogs, NTPs, and modified UTPs

Custom oligonucleotides

Custom chemistry

Plasmid manufacturing for mRNA

Discovery mRNA Services (>25 years, >975 customers served)

GMP mRNA Services (>100 batches to date)

Process Development, Quality Systems, and Analytical Services

Discovery Clinical GMP
manufacturing

Innovation Rational 
R&D

Technology 
advances

Analytical
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Our history | Over 25 years of innovation in mRNA

2011 20192016

Manufacturing 
multi-gram 
mRNA as 

GMP grade

First GMP-grade 
mRNA synthesis

Grand opening 
of headquarters 

TriLink joins the 
Maravai family

20211996

TriLink
BioTechnologies

is founded 

2020

CleanCap®

expansion to 
meet COVID 

vaccine 
manufacturing 

demand 

GMP CleanCap®

in FDA 
approved

vaccine product

mRNA 
commercial 
expansion

2024

Late phase 
GMP mRNA 

manufacturing 
begins

MyChem
Acquired

Launched 
GMP NTPs

CleanCap
debuts on 
the market

20222017

First to provide 
commercial IVT 
mRNA synthesis 
for the industry
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Facilities to meet the demand in mRNA products and services

Wateridge facility Flanders building 1

mRNA & related raw materials
• 118,000 ft2 (10,963 m2)

• mRNA services for development and 
early clinical

• CleanCap® reagents and NTP innovation 
and scale up

Nucleic acid production
• 32,000 ft2 (2,973 m2)

• CleanCap Reagents and 
NTP manufacturing

• GMP raw materials for clinical and 
commercial use

• BARDA Award

Flanders building 2

Late phase clinical
mRNA manufacturing
• 32,000 ft2 (2,973 m2)

• mRNA development 
and manufacturing space

• Phase 1 clinical and beyond

42
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