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2020-23 were extraordinary years for
vaccine technologies

= How has the COVID-19 pandemic pushed vaccine technologies forward?
— Vaccines were developed and approved at record speed (rational vaccine
design)
— A novel technology (MRNA) was proven safe and very effective (novel
technologies)

— Vaccines have been manufactured at mass scale at unprecedented speed
(advances in manufacturing)

— Understood the urgent need for inexpensive/thermostable vaccines for
world-wide (stabilization/delivery)

= Where do we go from here?
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Platform Technologies Speed
Development
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What is Rational Vaccine Design?

= Traditional vaccine development has largely been empirical
— Whole-inactivated viruses
— Attenuated viruses through animal or tissue culture passage or cold-
adaption

= Rational vaccine development is harnessing the knowledge of effective
Immune responses to design vaccines that elicit a targeted response

predicted to be protective

= Shift towards rational vaccine design enabled by development of new

teChnOIOgleS National Institute of
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Rational Vaccine Design Process
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Rational vaccine antigen design:
RSV
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ED.A. Panel Recommends R.S.V.

Vaccine to Protect Young Infants

A committee of experts voted in favor of a new shot administered

Current Opinion in Virology

to pregnant women, one in a series of new ways to arm the very

Neutralization-Sensitive Epitopes are young against a life-threatening virus.

May 18, 2023

Conformation-Dependent
F is a class | fusion protein

Reference: Graham BS. (2017).
Current Opin Virol. 23: 107-112.
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Rational vaccine design: coronaviruses
(Class | fusion)

A SARS DNA Vaccine Induces
Neutralizing Antibody and
Cellular Immune Responses in
Healthy Adults in a Phase |
Clinical Trial
Julie E. Martin, Mark K. Louder, LaSonji A. Holman, Ingelise J.
Gordon, Mary E. Enama, Brenda D. Larkin,Charla A. Andrews,
Leatrice Vogel, Richard A. Koup, Mario Roederer, Robert T. Bailer,

Phillip L. Gomez, Martha Nason, John R. Mascola, Gary J.
Nabel,Barney S. Grahama, the VRC 301 Study Team.

August 29, 2017 PN !

Proceedings of the National Academy of Sciences of the United States of America

Immunogenicity and Structures of a
Rationally Designed Prefusion
MERS-CoV Spike Antigen

Jesper Pallesen, Nianshuang Wang, Kizzmekia S Corbett, Daniel WrapE, Robert N
Kirchdoerfer, Hannah L Turner, Christopher A Cottrell, Michelle M Becker, Lingshu Wang,
Wei Shi, Win%-Pui Kon% Erica L Andres, Arminja N Kettenbach, Mark R Denison, James D
happell, Barney S Graham, Andrew B Ward, Jason S McLellan.

Viral membrane

National Institute of
Allergy and
Infectious Diseases

Stabilized SARS-CoV-2 Spike protein
Wrapp D, et al. Science. 2020 Feb 19.




MRNA Vaccine Platform

= Advantages = Disadvantages
— Very rapid to produce — Until 2021, never been licensed
— Safe and non-toxic in humans
» Non-infectious — Booster shots required
* Non-integrating — Expensive to produce
« Degrade in 2-3 days — Stability
— Ag expressed intracellularly - 30 days at 4C
— Don’t induce vector-specific » Up to 9 months at -15 to -75C
iImmunity
« Repeated immunizations are
possible
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MRNA Vaccine Development Process
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Vaccinate

First cell-free system to manufacture vaccines
 in vitro, cell-free transcription reaction
* No cell derived impurities and contaminants
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SARS-CoV-2 Vaccine Development:
mRNA-1273
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Adenovirus-Vectored Vaccines: Janssen
and Oxford

4o

SARS-CoV-2
Spike insert
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Adenovirus expressing
SARS-CoV-2 spike
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Adenovirus-Vectored Vaccine Platform

= Advantages = Disadvantages
— Well-established technology — Previous exposure to vector
(plug and play) could reduce effectiveness
— Strong immune response — Relatively complex to
involving both B and T cells manufacture

— Thermostable
« 2-8 C for 6 months

— Scalable production
— Low cost

National Institute of
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Adjuvanted Protein Subunit: Novavax,
Sanofi/GSK

/Spike protein (S)

Envelope protein (E)

Matrix protein (M) not to scale

Nuceloprotein (N)
and viral RNA

Protein Subunit + Adjuvant

Images: Florian Krammer; NIAID VRC
Slide source: AS Fauci



Protein Subunit Vaccine Platform

= Advantages = Disadvantages
— Well-established technology — Relatively complex to
— Suitable for people with manufacture
compromised immune systems — Adjuvants and booster shots
— No live components, so no risk may be required
of vaccine triggering disease — Determining the best antigen
— Relatively stable combination takes time
m National Institute of
Allergy and
Source: GAVI Infectious Diseases




Self-replicating mRNA platform

Self-Amplifying RNA Messenger RNA
(saRNA) (mRNA)
mRNA
saRNA NN engages with
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https://doi.org/10.1042/bio_2021_142

Lower dose-reduced cost
Several COVID 19 vaccines in
development

« Gennova- approved in India
* Arcturus- in Phase 3 trials in

Vietnam
« Others in clinical development

National Institute of
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https://doi.org/10.1042/bio_2021_142

Project NextGen-UPDATE

he Washington Post April 10, 2023

White House launching $5 billion
program to speed coronavirus vaccines

« Current vaccines are highly protective against severe disease and death
» Protection from infection decreases over time and with the emergence of variants

» Priorities of Project NextGen

 Mucosal vaccines
« Broadly protective vaccines
* New Monoclonal Antibodies

National Institute of
Allergy and
Infectious Diseases



The Potential of Mucosal Vaccines

Faster immunity recall after oy %‘2
viral exposure |
Infection and transmission blocking

Needle free delivery ;

Workshop on November 7-8, 2022 on SARS CoV-2 mucosal vaccines
NIAID, CEPI, BMGF, BARDA, Wellcome Trust and vax developers

5 COVID mucosal vaccines authorized/registered and 13 in clinical development
Gaps in research include mucosal correlates of protection, standardized assays and

sampling protocols, regulatory pathways to approval
National Institute of
Allergy and 18
Infectious Diseases

Image Credit: Sette and Crotty. Immunological Reviews 2022

https://doi.org/10.1038/s41541-023-00654-6
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Vaccine Manufacturing

Must be reliable, efficient, low-cost, and flexible to
allow on-demand production

= |n vitro
— mRNA

= Cultured cells
— Recombinant viral vector
— Live attenuated
— Recombinant Protein

= Eggs-based

— Live-attenuated, inactivated
= Plants

National Institute of
Allergy and
Infectious Diseases



Main steps in biomanufacturing

Cell Culture Purification Quality control

Gene Therapy
- Productivity vs product quality - Harvest and clarification - Purity UactEtion
- Adherent vs suspension - Concentration and - Potency ' NS
cultures chromatography % - Safety and efficacy Oncolytic Therapy
- Transient transfection vs - Polishing, formulation and - Stability TET . &
stable producer cell lines ’ sterile filtration - Aggregation TumorVaccine

Recovery vield and product qualit
Process time and cost yYy P q y

National Institute of
Allergy and

https://doi.org/10.1080/14712598.2020.1693541 2 .
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Recent innovations in biomanufacturing

= Single use bioreactors
— Greater flexibility
— Less risk of contamination
— “Ready-to-use manufacturing rooms”

= Automation of process analytical technologies
— To monitor manufacturing through timely measurements of critical quality and
performance attributes
= Continuous manufacturing (vs batch manufacturing)
— Improve efficiency and control
— Smaller footprint
— Reduce cost

National Institute of
Allergy and
Infectious Diseases

https://bioprocessintl.com/topic/manufacturing/
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Plant-based expression and manufacturing

i Image source: Medicago.com
How it Works g g
& -
Synthesis Infiliration Incubation Harvest Purification
Genes are synthesized Genetic material Plants are incubated up Plants are harvested to VL Ps are purified to
from viral sequence introduced into plants to eleven days in growth extract VLPs obtain clinical grade
with no live virus through vacuum chambers for protein material
required infiltration expression and VLP
formation

Coronavirus (SARS-CoV-2) Medicago’s Plant-Derived
SA

Cen jor Disease Control and Preventi

Medicago VLP based SARS-CoV2 vaccine
approved in Canada ( Feb 2022)

National Institute of
Allergy and
Infectious Diseases

Medicago shuts down (Feb 2023)




Vaccine Delivery

Needle and syringe
Mucosal delivery

Microneedles
Nanoparticles

(b)  Polymeric Nanoparticle

(d) Virus-Like Particle

Capsid

irophobic Interior

(f) Immunostimulating Complex

Credit: James Gathany, CDC

NIH)
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Characterization of Aerosolized Ad5-nCoV

Viability of aerosolized vaccine

Vaccine deposition following aerosol delivery o , Infections unit (IFU) |Viral particles (VP)
osage (ml) recovery (%) recovery (%)
0.1 81.28% 97.54%
Nasal cavity 0.2 98.62% 96.45%
=10 umm
Vaccine
nebulizer o
No impact on morphology of Ad5-nCoV
Trachea EAT 'i"
._.-f"f Bronchus ??‘
_,-. : Bronchioles
Ij. ) ‘
g y 0.5-5 um
IIII. | ) '-\K
& “q- Alvenli

Pre Nebulize 0.1ml Nebulize 0.2ml

| " Expert Rev Vaccines. 2019

Credit: Chunlin Xin-CanSino Biologics INC.



Vaxxas Microarray Patch

NEEDLE-FREE TECHNOLOGY

Coming in from the cold: {
needle-free patch
technology for mRNA
vaccines aims to end need

{ forfrozen storage and
improve access

17 Jan 2023
The core of Vaxxas technology platform is a High Density Microarray Patch (HD-MAP). Vaxxas' HD-MAP is M

readily fabricated by injection molding to produce small patches each with thousands of very short (~0.25mm)
National Institute of
Allergy and
Infectious Diseases

microprojections.

https://www.vaxxas.com/technology-platform/



https://www.vaxxas.com/technology-platform/

Separable Microneedle Patch to Protect and
Deliver DNA Nanovaccines Against COVID-19

A

Separable microneedle patch ;—Hrd—m% ﬁ F,;‘,Yg;?,?;’.,'.,,, Detach
W R i ST IR
o DLP-RN W W W W-_ ‘{&f %!/‘W

Nanoparticles containing
DNA vaccines + adjuvant

ACS Nano 2021, 15, 14347-14359

National Institute of
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Thermostability and vaccines

Liquid single vial containing
antigen and adjuvant. Examples:
Gardasil®, Heplisav-B®, Fluad®.

Thermostability,

Separate vials containing liquid
antigen and liquid adjuvant. Mixed
bedside. Separate vialing provides
versatility, e.g. for pandemic

preparedness. Example: HSN1/AS03

stockpile vaccine.

1. Product Presentation

Separate vials with one containing dried
antigen and the other containing liquid
adjuvant (or vice versa). Direct reconstitution
of the dried vial with the liquid vial is preferred,
otherwise a 3 vial containing diluent is
required. Examples: Shingrix®, MenAfriVac®.

Cost, and Manufacturing/Administration Complexity

Dried single vial containing antigen
and adjuvant. Extra diluent vial
required for reconstitution unless
vaccine is directly administered as a
powder (e.g. inhalation). No licensed
products exist but some candidates
in clinical testing.

Separate vials with one
containing dried antigen and the
other containing dried adjuvant.
Not used in practice to date.

2. Stabilization Technologies
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Antioxidants or other stabilizing excipients, inert gas ovérlay, amber glass, buffer optimization, 2
chemical modification, nature-inspired materials, nanoparticles. Lyophilization, spray drying, alternate drying methods, and relevant

stabilizing excipients (e.g. disaccharides, sugar alcohols, etc.).

3 days - 2 months at 40°C, Preferably Freeze/Thaw Stable
Suitable for CTC approach, reduces waste, simplifies
campaign and outreach settings

|

3. Thermostability Profile

2 - 12 months at 40°C, Preferably Freeze/Thaw Stable
Facilitates use at local health posts without cold chain
equipment

>12 months at 40°C
Obviates need for any cold chain equipment at
local, regional, or national distribution levels

Artwork by Yizhi Qi. Qi Y, Fox CB, Expert Rev Vaccines 2021, doi: 10.1080/14760584.2021.1902314

National Institute of
Allergy and
Infectious Diseases



Flexible, Thermostable Platform
for RNA Vaccine Delivery

= Current RNA vaccines against SARS-CoV-2
are limited by instability of both the RNA and
the lipid nanoparticle delivery system,
requiring storage at -20°C or -70°C.

= This study demonstrates the thermostability
and adaptability of a nanostructured lipid
carrier (NLC) delivery system for RNA
vaccines that has the potential to address
these concerns.

Gerhardt A et al. Molecular Therapy: Methods & Clinical Development
(2022). https://doi.org/10.1016/ j.omtm.2022.03.009

Bulk liquid NLC storage at
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8924030/

WHAT’S NEXT?
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Rationally Designed Nanoparticles for

Express and purify
individual components

Y

Vaccines

trimer

In vitro assembly

foldan (+/-)

Nanoparicle

trimars (E. coff)

DS-Cavi Antigen—nanoparticle
trimer fusion (HEK293F)

¥

Nanoparticle pentamer

Structure-based design

Reference: Marcandalli J, et. Al. (2019).

Cell 176: 1420-1431.

{A) 153-34

(B) 153-a0

Bale J, et al. (2016) Science 353: 389-94.

Slide source: AS Fauci



SKYCovione approved in South
Korea

COVID-19 vaccine with
IPD nanoparticles wins
full approval abroad

e Clinical testing found the vaccine outperforms y :

Oxford/AstraZeneca’s . g R !\‘9‘ —
: - =

» The protein-based vaccine, now called SKYCovione, does not

require deep freezing

« University of Washington to waive royalty fees for the duration
of the pandemic

» South Korea to purchase 10 million doses for domestic use

National Institute of
Allergy and
Infectious Diseases



“Omics” and identification of infection
and vaccination biomarkers

Omics-based ‘systems serology’ can

inform effective vaccine responses

@ CelPress Immunity
OPEN ACCESS

Distinct Early Serological Signatures
Track with SARS-CoV-2 Survival

Hospitalized

Plasma

SARS-CoV-2

Convalescent

@ Deceased
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Spike protein Nucleocapsid

Metabolomics informs COVID
severity, and the technology can
identify vaccination biomarkers

Cell Repgrts_
Medicine

Longitudinal metabolomics of human plasma reveals
prognostic markers of COVID-19 disease severity
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Artificial intelligence and
vaccine design

= Adjuvant—-ag match

= Protein determination

= The identification of antigenic
proteins that induce immunity

= Models to predict linear or
conformational B cell epitopes

= Ability to predict how different individuals may respond to
vaccination and to understand which epitopes might best
protects individuals from infection (personalized vaccines)

National Institute of
Allergy and
Infectious Diseases

Citation: Petovsky, et. al. (2021. Vaccine Design.
https://link.springer.com/protocol/10.1007/978-1-0716-1884-4 6
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Al to desigh mRNA vaccines that are
more potent and stable

DESIGN OPTIMIZATION

An Al tool developed by the California division of Baidu Research can create
mRNA sequences for vaccines that are more stable than usual and therefore
can elicit a stronger immune response. It starts with a sequence full of floppy
loops (orange) and, after about 11 minutes, outputs one in which the mRNA

folds onto itself to form many more-rigid, double-stranded regions (blue). 7 .
Compared to conventional
Before optimization After optimization ./ vaccines, optimized mRNA
% ; gk induced ab levels 128 greater
p h'% 80 %.v‘\-*“ - gy t/ . .
5 S \/ in mice and extended shelf
N \Y . stability by 6 fold
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Zhang H. et al. Nature https://doi.org/10.1038/s41586-
Source: Adapted from Ref. 1 023-06127-z (2023).
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Al and Machine Learning Accelerate
Structure-based Design

Cao L, et al. (2020) Science
Cao L, et al. (2022) Nature

Computer-generated
ACE2 protein scaffolds Miniprotein inhibitor
Receptor LCB1
Length: 55 amino acids
RBD
Spike
Protein

Receptor binding
domain (RBD)

SARS-CoV-2

Deep Learning for structure-based sequence design gives >10-fold improvement on
retrospective datasets. Preliminary experimental results are extremely encouraging.

Current Status: Minibinder inhibitors are heading to clinical trials in 2022 for
Pre-exposure prophylaxis and Early post-exposure prophylaxis

National Institute of
Allergy and
Infectious Diseases


https://www.bakerlab.org/wp-content/uploads/2020/09/Cao_etal_Science_COVID_spike_binders.pdf
https://www.nature.com/articles/s41586-022-04654-9#Abs1

Conclusions

The current SARS-CoV 2 pandemic has catalyzed a major renaissance in
vaccine technologies

These new technologies should help advance other important vaccine areas
(e.g. HIV, TB, malaria, influenza etc)

Vaccine technologies don't solve all the problems. It's of critical importance
to understand basic pathogen biology to rationally design effective vaccines

— Correct antigens/epitopes, antigen conformation, most appropriate
expression platform for a given target, etc.

Investments in basic research and vaccine platform development are
essential to support the development of future vaccines

National Institute of
Allergy and
Infectious Diseases
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