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Recombinant viral-vectored vaccines

Live-attenuated viral vaccines

Inactivated viral vaccines
protein subunit vaccines



- virus-like particles

nucleic acid-based vaccines; mRNA vaccines, DNA vaccines
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Current stage: Development )
of vaccine candidates and Time frame unclear. 6-18 months. Maybe longer. §
pre-clinical testing

T
. GMP process
~am——  RNA veccines ' @ development®
H
O DNA vaccines Clinical trials?

» Phase1-3 Fhasa | > Phase I
' Recombinant

Spike protein (S)

Receptor binding domain

Envelope protein (E)

Licensur re
protein vaccines

. p - FDA, EMA etc. s

— production and
[ 72 . Vectoredvaccines I ! distribution
"# Inactivated
/ Dresd vaccines
-
Matrix protein (M)

Nucleoprotein (N) R Uve attanuated
and viral RNA S

vaccines

<ZX. Immunity. 2020 April 14;52: 585>
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Live Attenuated Vaccines: DelNS1-SARS-CoV2-RBD (University of Hong Kong) — H|

7t EE.

nucleic-acid vaccines

LEIC-ACID VACCINES

At least 20 teams are aiming to use
genatic instructions (in the form of
DNA or RNA) for a coronavirus
protein that prompts an immune
response. The nucleic acid is
inserted into human cells, which
then churn out copies of the virus
protein; most of these vaceines
encode the viruss spike protain.

RMNA- and DNA-based vaccines are
safe and easy to develop: to
produce them invalves making
genetic material only, not the
wirus. But they are unproven:

no licensed vaceines use this

A process called
electroporation
creates pores in

membranss to
increase uptake
of DNA info a cell

Electroporatian

e w{;
Coronavirus /

spike gene

RNA

RNA s often
vaccine

encasedina
lipid ooat 50 it

tachnology. can enter cells

0 —=
mRNA

viral
proteins
A D)
\4 Coronavirus
- peptide
5
Immune response

Yy

- mRNA Vaccine: mRNA-1273 (Moderna TX, Inc), BNT162b1 (BioNTech| FosunPharmal

Pfizer)

- DNA Vaccines (Z}Z S AIA 7| 8): INO-4800 (Inovio Pharmaceuticals)

(3) viral-vector vaccines and protein-based vaccines

. T '

| VIRAL-VECTOR VACCINES |

Around 25 groups say they are working on viral-vector vaccines. A virus such as
measles or adenovirus Is genetically engineered so that it can produce
coronavirus proteins in the body. These viruses are weakened so they cannot
cause disease. There are two types: those that can still replicate within cells and
those that cannot because key genes have been disabled.

Replicating viral vector

(such as weakened measles)

The newly approved Ebola vaccine is an
example of a viral-vector vaccine that
replicates within cells. Such vaccines
tend to be safe and provoke a strong

Non-replicating viral
vector (such as adenovirus)
No licensed vaccines use this
method, but they have a long
history in gene therapy. Booster
shots can be needed to induce

T ey

immune Existing it to
the vector could blunt the vaccine's
effectiveness, however.
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g-lasting ity. US-based
drug giant Johnson & Johnson is
working on this approach.
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PROTEIN-BASED VACCINE

Many researchers want to inject coronavirus
proteins directly into the body. Fragments of
proteins or protein shells that mimic the
coronavirus’s outer coat can also be used.

Protein subunits
Twenty-eight teams are working on vaccines with viral
protein subunits — most of them are focusing on the virus's
spike protein or a key part of it called the receptor binding
domain. Similar vaccines against the SARS virus protected
monkeys against infection but haven't been tested in people.
To work, these vaccines might require adjuvants —

the
vaccine — as well as multiple doses.

Virus-like particles

Empty virus shells mimic the coronavirus
structure, but aren't infectious because
they lack genetic material. Five teams
are working on ‘virus-like particle’ (VLP)
vaccines, which can trigger a strong
immune response, but can be difficult

to manufacture.
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- Protein subunit vaccines: NVX-CoV2373 (Novavax, Inc.| Emergent BioSolutions), Molecular
Clamp Stabilized spike protein vaccine candidate, PittCoVacc (University of Pittsburgh),
Triple Antigen Vaccine (Premas Biotech, India), etc.

- viral vectored vaccines: Ad5-nCoV (CanSino Biologics Inc | Beijing Institute of
Biotechnology), Coroflu (University of Wisconsin-Madison | FluGen | Bharat Biotech), LV-
SMENP-DC (Shenzhen Geno-Immune Medical Institute), ChAdOx1 (University of Oxford),
ChAdOx1 recombinant adenovirus vaccine
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< 2l Types of antigens selected for the vaccine development (% of total registered active or
completed clinical trials). NS = Nonstructural>

=7 . Viruses 2020, 12, 861

1005 B Not specified

E=3 Other vaccines

=3 Epitopes from structural and NS genes

=1 Complete virion
B Spike (full or partial)
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DNA Vaccine, 12,
Others, 18, 11%

Pie Chart showing the different categories of SARS-CoV-2 vaccines under research (Anon, 2020c).

8%
Virus Like Particle,

Inactivated Viral Vaccines,
9, 6%
9, 6%

LAV, 3,2%

RNA based

Non-replicating
viral vector vaccine
Vaccine, 21, 13%

,19,12%

Protein Subunit
Vaccine, 52, 33%

<Z=X. Virus Research 2020;288:198114>
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Protein
subunit Recombinant
viral vectored

Virus-like Nucleic
particles acid based
Live
attenuated Inactivated
virus virus

Preclinical development

. Clinical development

MRNA 8 Al: 6 clinical, 16 preclinical

plasmid DNA HiAl: 4 clinical, 11 preclinical

<ZEX: Nat Rev Immunol. 2020 Oct;20(10):615-632>
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<Profile of COVID-19 vaccine developers by type and geographic location.
For partnerships, the location is that of the lead developer. *Excluding China.>

<ZX. Nature. 2020 May;19:306>
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Table 3
Latest developments in the status of the promising SARS-CoV-2 vaccines
Vaccine | Ref Developer Remarks Clinical Trial Stage
ChAdOx1 | (Folegatti and Ewer, 2020) University of Oxford/ The preliminary reports of phase 1,2, single-blind, randomized Phase 3:
AstraZeneca controlled trials of the ChAdOx1 nCoV-19 vaccine have showcased the ISRCTN89951424

spike-specific T-cell responses along with the Anti-spike IgG response in
91% participants as per the micro-neutralization assay (MNASO) while a

plaque reduction neutralization assay (PRNTS0) depicted a 100%

response after a single dose. Nevertheless, after the booster dose

neutralizing response was seen in all the participants which had a

substantial correlation with the neutralizing antibody titers as measured

by ELISA. The volunteers depicted local and systemic reactions which

were minimized by the administration of paracetamol. Thus, the vaccine

candidate has portrayed adequate safety and immunogenicity profile in

the phase 1/2 clinical trials.

mRNA-1273 | (Jackson et al.. 2020) Moderna/NIAID The geometric mean of RBD specific antibody titers showed a rapid Phase 3: NCT04470427
increase in all the participants. Seroconversion was observed after 15
days and the median magnitude of antibody responses was similar to the
magnitude in convalescent sera. However, the pseudovirus neutralizing
activity was not high before the administration of the second dose,
which indicates the requirement of a two-dose vaccination schedule.

Furthermore, the serum neutralizing activity, a generally acceptad
functional biomarker of the in vivo humoral response against the
respiratory viruses, has not been determined as of now.

PiCoVace | (Anon, 20208) Sinovac The phase 1/2 clinical trials of the inactivated viral vaccine candidate  Phase 3: NCT04456595
PiCoVace demonstrated that the vaccine induces neutralizing antibodies
with a seroconversion rate of 90% in a 0,14 day schedule. The
preliminary results confirmed the absence of adverse systemic or local
events post-vaccination. The phase 2 clinical trials are expected to be
concluded by the end of 2020. The Company has gor the permission for
conducting the phase 3 clinical trials in Brazil in collaboration with
Instituto Butantan. Furthermore, it is expected to get further approvals
in Bangladesh for the phase 3 clinical rials.

BBV152 (A-C) | (Myupchar, 2020) Bharat Biotech/ ICMR/ NIV It is the whole virion inactivated experimental vaccine under the phase  Phase 1/2:
1/2 clinical trials. These trials are supposed to study the safety and NCT04471519
reacrogenicity, tolerability, and the immunogenicity in the healthy
volunteers. The inactivated vaccine shall be administered
intramuscularly in two doses at day 0 and day 14 and the 1125
wvolunteers shall be observed for the next six months and will be
evaluared for post-vaccination immune responses. The viral strain for
tthe vaccine development was isolated by ICMR and transferred to
Bharat Biotech where the process of inactivation was executed in a BSL-

3 faciliry.
Adenovirus Type5 Vector/ Non-replicati CanSino Biclogical Inc./ The randomized, double-blind, placebo controlled phase 2 clinical trials ~ Phase 2:
viral vaceine | (Zhu and Guan, 2020) Beijing Institute of Bio- of the recombinant Ad5-vectored vaccine represented a positive cellular  ChiCTR2000031781
technology response at 5 x 10'® viral particles along with seroconversion of the

humoral immune response. Severe adverse reactions were reported in
9% of the individuals in the 1 x 10" viral particles dose group and 1%
volunteers exhibited these adverse reactions in the 5 x 10'® viral
particles dose group.
BioNTech| FosunPharma| BNT162b1, the mRNA based vaccine induced a high, dose-dependent  Phase 3: NCT04368728
Phizer nAb titers along with the RBD-binding 130 concentrations after the
second dose. This was accompanied by the CD4+ and CD8+ T cell
responses. The administration of the vaccine was accompanied by
certain adverse symptoms like fatigue, fever, chills, muscle pains etc.
However, the recipients did not showcase any severe symptoms.
20/07/026352, 2020;  Zydus Cadila ZyCoV-D is a genetically engineered DNA plasmid based vaccine Phase 1/2: CTRI/2020/
Myupchar, 2020) encoding for the membrane proteins of the virus. The clinical ials o 07/026352
study the immunogenicity, and safery of the vaccine, will administer
three doses at an interval of 28 days in 1048 individuals.

ZyGoV-D | (CTRI/

<Z=X. Virus Research 2020;288:198114>



infections

Che EE JM SUS WASo| BN, SHEH W, T YLT ©e we (CDA+Th cell
CD8+ T cell, lung resident T cell), MA|XQl H BtEZ H WD H L.
Table 1| Immunological properties of major COVID-19 candidate vaccine platforms
Vaccine  SARS-CoV-2 Neutralizing T cell response Pre-existing Routeof  Overall Other
platform  antigens :::;:::‘dsz D4+ CcDs- Lung ?n:;::e:tkt;r vaccination immunogenicity attributes
T, cells Tcells Tow cells
Viral-vectored vaccines
Ad5 (non-  Sprotein Qualityand  T,1cell Potent Induced  High, age- Parenteral ~ Strongwith Ample human
replicating) durability response;  byRMbut dependent, (IM)in single delivery  safety data; RM
affected by negative not IM prevalence clinical but hindered delivery helps
pre-existing effects from route inblood; low  trials by pre-existing  bypassantivector
antivector pre-existing prevalence antivector immunity; can
immunity antivector inrespiratory immunity be delivered by
immunity tract inhaled aerosol
Ad26 (non- Sprotein Qualityand T, 1cell Moderate  Induced  Medium Parenteral  Weak; requires  Established
replicating) durability response;  byRMbut prevalence (IM) in repeated or human safety
affected by negative not IM planned heterologous  fromHIV and
pre-existing effects from route clinical boost Ebolavaccine
antivector pre-existing trials vaccination trials; RM delivery
immunity antivector helps bypass
immunity antivector
immunity
ChAd(non- S protein Unimpeded  T,1cell Potent Induced  Verylow Parenteral  Strongwith Well-established
replicating) owing to response by RM but  prevalence (IM)in single delivery ~ human safety
lack of not IM clinical data; amenable
pre-existing route trials to RM delivery;
antivector can be used as
immunity astand-alone
vaccine orin
prime—boost
regimens
VSV S protein Unimpeded  T,1cell Response  Not None Parenteral  Good with Successfully
(replicating) owing to not as induced (IM) in single delivery  licensed
lack of strong as by IM previous platform for
pre-existing forAd5or  route successful Ebola; not
antivector ChAdwhen Ebola knownwhether
immunity used asa vaccine it protects
stand-alone trials against RM viral
vaccine; pathogens
strong T cell
booster
Meades S protein? Qualityand T, 1cell Good Not High Parenteral ~ Weak relative Not extensively
and durability response induced  prevalence or RM toadenovirus  tested in humans;
influenza depend on when owingto vectors potential
viruses whether delivered  parenteral vaccination recombination of
(replicating) there is via RM route and natural live attenuated
pre-existing route infection influenza vectors
antivector in the lung
immunity and delivered via RM
vaccination route
route
Other vaccines
mRNA- S protein Unimpeded  T,1 cell Depends Not None Parenteral ~ Requires Adjuvant
based or RBD owing to orT 2cell onchoice  induced (IM) in repeated required; unclear
vaccine encapsulated lack of depending ofadjuvant by clinical delivery whether it is
inlipid pre-existing  onadjuvant and parenteral trials amenable to RM
nanoparticle  antivector formulation route vaccination
immunity
DNA- S protein Unimpeded T, 1cell Response  Not None Parenteral  Weaker than Adjuvant
based owing to not as induced (IM) in mRNA-based required; not
vaccine lack of strong as clinical vaccine; requires amenable to RM
pre-existing forsome trials repeated vaccination
antivector of the viral delivery
immunity vectors
Live Multiple viral Strong Tl cell Strong Induced  No cross- Parenteral  Requiresonlya  Extensive safety
attenuated antigens induction response byRMbut reactive (5C) singledelivery  testing required
virus not IM antibodies; for potential
route cross-reactive recombination
T cells from with wild-type
seasonal virus
coronavirus



Table 1 (cont.)| Immunological properties of major COVID-19 candidate vaccine platforms

Vaccine SARS-CoV-2 Neutralizing T cell response Pre-existing Route of  Overall Other
platform  antigens antibody CcD4 CDs* Lung antivector vaccination immunogenicity attributes
response Ty cells Tcells T cells immunity

Other vaccines (cont.)

Inactivated  Multiple viral Strong T lcellor Weak Not None Parenteral  Weak; requires  Adjuvant
virus antigens induction T,2 cell response induced (M) repeated required;
depending vaccination alum often
on adjuvant used, which
enhances T2
cellresponses
possibly involved
inADE
Protein Sproteinor  Strong T, lcellor Weak Not None Parenteral  Weak; requires  Adjuvant
subunit RBD induction T2 cell response induced (IM)in repeated required; mostly
vaccine depending clinical vaccination unsuitable for
on adjuvant trials RM vaccination
Virus-like  Multiple viral Strong Ty lcellor Weak Not None Parenteral  Weak, but Well-established
particle antigens induction T2 cell response induced (IMjorRM  greaterthan platform
depending for protein for several
on adjuvant subunits; commercial
requires human vaccines
repeated (hepatitis B and
vaccination HPV vaccines);
adjuvant
required

AdS, human serotype 5 adenovirus; Ad26, human serotype 26 adenovirus; ADE, antibody-dependent enhancement; ChAd, chimpanzee adenovirus;
COVID-19, coronavirus disease 2019; HPV, human papillomavirus; IM, intramuscular; RBD, receptor-binding domain; RM, respiratory mucosal; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2; S protein, spike protein; 5C, subcutaneous; T, cell, T helper cell; T, cell, resident memory T cell; V5V, vesicular
stomatitis virus.
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