


e What is mRNA (messenger RNA)?

e How does the immune system work to attack
viruses?

e How does mRNA work to stimulate the immune
system?

/
H ere s e Origins of mRNA technology.

 What problems had to be overcome in the
development of an mRNA vaccine for SARS-CoV-27?

* Technical issues.

cover: e Practical issues.

e Different types of mMRNA vaccines.
e Other COVID vaccines.

e Future uses of mMRNA vaccines.
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To begin,
What is

RNA?? Jaderive BB

B acenine

DNA is a double-stranded helix
{ﬁ made up of two sugar-based
(deoxyribose) bands bridged by
pairs of nucleotide bases. It is
| very stable, and is used to contain
j{j:[ genetic information in the
R nucleus of the cell

m RNA is a single-stranded sugar-

. based strand (ribose). It is less
Q" stable and shorter-lived than DNA
M and has a variety of purposes in

m- the cell. It uses the same bases
, (nucleotides) as DNA except that
"QH it uses Uracil instead of Thymine.

Cells use 3 kinds of RNA: messenger (mRNA), transfer (tRNA) and
ribosomal (rRNA). Each plays a different role in protein synthesis.



Ok, then what is mRNA?
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Normal cells have machinery for making
new materials (e.g., proteins) in order to
replace worn out materials or to grow or to
reproduce.

The blueprints for proteins are found
encoded in genes, which are sections of
DNA, kept protected in the nucleus.

The information contained in a gene is
transcribed in the nucleus onto an RNA
copy of the gene, called messenger RNA or
MRNA and transported out into the cell.
Out in the cytoplasm, the messenger RNA
attaches to a ribosome, providing the
ribosome with the information it needs to

produce the desired protein.
RNA viruses (like coronaviruses) bring
their own messenger RNA into the
cell and thus use the cell’s machinery
to produce their own proteins.



Anatomy of a killer: SARS-CoV-2

Severe Acute Respiratory Syndrome Coronavirus 2

Genomic RNA:
e Single-stranded positive sense RNA
e Largest genome of all RNA viruses (26-
32 kb vs 13kb for Influenza A (the 1918
Spanish Flu virus)
e Has code for six viral proteins:
e S (Spike)
 E (Envelope)
e M (Membrane)
N (Nucleoprotein or Nucleocapsid)
e HE (Hemagglutin-esterase)
e 7a
* These proteins have multiple roles,
including interacting with the host cell
proteins to advance the virus’
reproduction



The spike protein

e S (Spike): the S protein contains the RBD (receptor binding domain) that
attaches to the hACE2 (human Angiotensin Cleavage enzyme) found on the
surface of many cells in the body. hACE2 is present in arterial and venous
endothelial cells and arterial smooth muscle cells in all organs
studied, and abundantly present in humans in the epithelia of the lung and small intestine.

The RBD is the most immunoreactive
site on the spike protein. SARS-CoV2
protects that site from the immune
system by keeping it hidden until the
spike encounters a cell membrane
which expresses proteases such as
furin or TMPRSS2*, which cleaves a
site near the RBD and allows it to
stand up and bind the hACE2 receptor.

*Transmembrane serine protease 2 (TMPRSS2) is a cell
surface protein primarily expressed by endothelial cells
across the respiratory and digestive tracts.



The initial attack: binding

e SARS-CoV-2 utilizes the spike
glycoprotein S to promote entry
into the host cell. S has two
functional domains

e S1 receptor-binding domain
(RBD)

¢ S2 mediates the fusion of the
viral and host cell membranes.

* The S protein binds to the ACE2
receptor on the host cell through
the S1 receptor binding domain.
The S1 domain is then shed from
the viral surface, allowing the S2
domain to fuse to the host cell
membrane.

* This process is dependent upon
activation of the S protein, by
cleavage at two sites by cell surface
proteolytic enzymes.




First line of defence: Antil

* Antibodies are innate proteins (either free in
surface of B-cells) that attach to a specifi

* Antibodies consist of two heavy and t
* The heavy chain determines the action

* Humans have five types (“isotypes”) of heavy chains: |
IgM. IgM is the primary defense against invading pat!
in allergic reacti

* Both heavy and light chains each have a constant :
The constant region in the heavy chain determi
variable regions in both chains determine the

* If the antigenis free in the serum IgG antibodie
agglutination and mark it for later el

* If the antigen is found on a cell surface such ¢ :
mark the cell for attack by macrophages ¢

Both SARS-CoV-2 IgM and IgG antibodies may be detected around the same time

after infection. However, while IgM is most useful for determining recent infection,
it usually becomes undetectable weeks to months following infection; in contrast,
IgG is usually detectable for longer periods. (CDC guidelines)
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Traditional
Vaccines




Early Glimmerings of mRNA v



Early Glimmer

* In 1998 Merck was working toward an HIV vaccin
strate}gy of inserting an HIV gene in people’s owr
manufacture that protein in their own bodies, w
would recogni

* They used an adenovirus to carry the

* The adenovirus was modified so that it would infect
DNA but not be able tc

* They ran clinical trials in 2004. It was a disaste
were using turned out to be a very common one 1
had already been exposed to and hence to wh
immune

. ThisAmethod is today the basis of the Johnson ai
COVI
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Enterthe mRNA vaccines
S— - A ot




j -

How do mRNA vaccines wc



Sounds simple
0ok Wieatcowld
wemesin|\ @0 Wrong?




Some Corporate and Financi

* To make a vaccine and have it approved by varic
need to have proof that it is not harmful and

* This requires several kinds of cli
* Phase 1: small-scale, to show that tf
* Phase 2: moderate size to produce data indicating t!

* Phase 3: large-scale trials of thousands of patients to
probability side effects and to quantify the protect

* All this requires huge amounts of money for tF
vaccine and to administer the trials. Usually only |
afford the gamble, and they tend to be quite
innovative companies must scramble for financi



Some Scientific prc

e mRNA is an unstable molecule. How will vou rr
* In addition, there are RNAses all over the place, includi
must be heated to 5oo°C. Facilities handling RN/
mMRNA itself provokes a strong cellular |
* Cells 'think’its an RNA virus and shut down all RNA proce
exposure affected cells sel
How will you get it into t!

How long should it remain acti
* You want it to last long enough to produce a reasonable
then be destroyed b

Which protein of the many on the surface of the SAR
effective in provoking the immune system ('

* The chosen protein must not it
* Should you use the whole protein or just

* The spike protein of SARS-CoV-2 changes shape as
* What form of the spike protein are you going to cod
* How will you make your spike protein stable enough for



Early Glimmeri

* In 2006 ShinyaYamanaka was able to use retrovi
cells into “stem”, or pluripof

* Retrovirus genomes are RNA rather than DNA based
their RNA makes a DNA copy which is incorporated |
the cell to make more vir

* In 2007, Derrick Rossi and Luigi Warren of Ha
Regenerative Biology Department extended Yz
MRNA rather than retrovirusesto r

* In 2010, Rossi and Timothy A. Springer solicited
variety of venture capitalists and founded "Mod
(from "modified" and "RNA" that luckily happens



Early Glimmeri

* Beginning in 1998, Drew Weissman at U. Penn
naked mMRNA as a vaccine rather than usinc
introduce DNA into the cells. He had been unsu
he injected the mRNA in animals it engende

Immune respor
* (Retroviruses use RNA as their genome, so cells have d

it )

* In20o05Weissman encountered Kat_alin K_ar”ﬂ‘ \ _' |
machine. Kariko who had been working with artif
lost her arant

* Weissman offered her =

* Together they found that altering one of the base
it to evade the cell’'s immur



Early Glimmeri

* Weissman and Kariko published their resu!
ignored by the scientific cc

* Weissman and Kariko on their own secured ¢
and in 2006 launched a company called RNAR
developing mRNA therapeutics for a wide rz
eventually funding ran out and the corr

* Five years after they published their groundbr
discovery caught the attention of two biof
Moderna of Cambridge, Mass., and Germar
companies eventually licensed Weissman al



Another Problem: coatir

* Weissman and Kariko found that naked RNA
RNA, could not be directly injected; it was ¢
could reach the cel!

* What was needed was an envelope to protect tl
absorbed into the

* They hit upon the idea of using lipid nanoparticl
the body makes to transport fatty acids prod
the liver



Early Glimme

* Other scientists had been working on the lipid

* Pieter Cullis of Columbia, a nanoparticle scient
LNPs to safely deliver otherwise toxic druc
(tumors have notably leak

* What was needed was a LNP that was positi
contain the negatively charged RNA but that
surface to the body (cationic lipids ¢

* In 2005 companies were driven to research LNP
can selectively silence genes, ¢

* The first commercially useful LNP for siRNA"
company called Al

e This LNP is the basis for Moderna’s vaccine, t!
further develop it to handle its much |
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* mMRNA vaccines ("~
muscle cells caus

e VVector vaccines |
replication-incorr
a stabilized

e Protein subunit vaccines
harmless pieces (



The Future of mRNA 1

* Modernais already testing in human studies pote
cytomegalovirus, respiratory syncytial virus, and Zika. Vaccii
causing pstein-Barr virus, the Nipah virus, and HIV are still
The Massachusetts biotech is also developing mRNA trea
and is exploring research into auto-immu

* The German biotech BioNTech origblnally focused on fighti
reflected in its pipeline, where the bulk of the researchis |
early stages of human studies testing its mRNA technolc
including melanoma, prostate cancer, breast cancer, a

* BioNTech also has some additional vaccine research. In partr
a flu vaccine that has yet to start human testing. BioNTech
of Pennsylvania in 2018 to work on vaccine
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A Small Miracle in a Bott!
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