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10 May 2020

This rapid research brief responds to the question: What are the most promising vaccines in development
globally and nationally, and what are their mechanisms of action, their stage of development and their
strengths and limitations?

e There are currently 10 vaccine candidates for COVID-19 in clinical trials. Many of these vaccines
are being developed using new platforms and technologies.

e National and international initiatives are being implemented at an unprecedented scale to speed
up the research translation process.

e ltis likely that several vaccine candidates will generate initial human safety and efficacy results in
2020. These results could inform the initial use of a limited number of vaccine doses under
emergency or compassionate protocols for at-risk populations including frontline health workers,
the elderly and those with significant comorbidities.

e ltistoo early to select the ‘most promising’ vaccine candidate as we do not yet know their safety
or efficacy, or our capability to manufacture them at large scale under Good Manufacturing
Practice conditions. Furthermore, it is not a given that vaccines licensed first will be the most
effective.

e An Australian-produced vaccine candidate is expected to enter human clinical trials in July 2020.

e It will be important for Australian researchers and industry to maintain strong collaborations with

global vaccine consortia.

Vaccination is one of the most important ways of preventing the spread and impact of infectious diseases. It
protects individuals from infection and impedes disease spread because it deprives the virus of susceptible

hosts. Vaccination also provides protection at a societal level.

The development of an effective vaccine for COVID-19 is a big challenge: historically, it has not been possible
to create safe and effective vaccines for human coronaviruses. The spontaneous resolution of previous
epidemics has also reduced the incentive for persisting with vaccine development. However, there is hope
that a vaccine against SARS-CoV-2 will be developed and the current global effort in academic and
commercial research laboratories to develop a COVID-19 vaccine is unprecedented in both speed and scope.
If vaccine development is delayed, the use of therapeutics for reducing patient load on the health system or

even for ‘treatment as prevention’ may be developed, as it has for HIV.

This brief provides an overview of the different platform technologies for vaccines, the most advanced

options and the national development landscape and challenges. Appendix A provides general background



information on the development process for vaccines and discusses how this process is being accelerated for

COVID-19.

When the immune system of a healthy person is challenged by exposure to foreign proteins (antigens) from

pathogens, such as a virus, an immune response will inevitably follow.

One important element of the immune response is the formation of neutralising antibodies, which are
produced against the antigen and circulate throughout the body.'? Neutralising antibodies are those that
can bind to and protect against an invading pathogen. They do this by interfering with the virus’s ability to
attach to the host cell surface receptors and effectively block the virus from infecting host cells. Another
element of the immune response is the formation of non-neutralising antibodies, which do not usually

confer the same level of immunity.>™

Antigens may also induce T cell immunity. While neutralising antibodies defend cells against virus infection,
T cells recognise infected host cells and destroy them to prevent viral replication and further infection.

T cells also help antibody production.® Some T cells also have the capacity to remember previous infection
and, upon subsequent re-infection, they can quickly respond. In the context of COVID-19, T cell immunity
could be an effective mechanism to clear SARS-CoV-2 infected cells in the lungs and prevent the onset of

pneumonia.’®

Vaccine types

Like other coronaviruses, SARS-CoV-2 has club-like spike proteins protruding from its surface. These spike
proteins are essential for SARS-CoV-2 to bind to the host cell’s ‘ACE2’ receptor, and, once bound, the virus
can then infect the host cell, replicate and infect more cells.’ These spike proteins elicit a strong neutralising
antibody immune response, and are the primary focus for a majority of COVID-19 vaccines being
developed.’®12 A strong T cell immune response against the SARS-CoV-1 spike protein has also been
demonstrated, and researchers are currently working to determine if the SARS-CoV-2 spike protein also

elicits a T cell immune response.314

There are four main types of technology platforms employed in virus vaccine development:*®

1. Inactivated or attenuated virus: The virus is inactivated (killed) or attenuated (weakened) so it is not
pathogenic, but its structure remains intact and elicits an immune response. Although many existing
vaccines are based on this platform, development processes and scale-up manufacturing are
challenging. There are also safety concerns of using a live virus, albeit a version attenuated by
laboratory techniques. Existing examples include oral polio (an attenuated virus vaccine) and

whooping cough (an inactivated virus vaccine).'®%’



2. Viral vector: A harmless animal or human virus can be used as a vector to introduce the antigen into
the host. In the case of COVID-19, the antigen chosen is typically the spike protein. Examples include
adenovirus and poxviruses as the vectors. A limitation of this technology is that antibodies may be
produced against the vector instead of the specific antigen. There are challenges with scale-up
manufacturing. This type of vaccine is used in many veterinary diseases but not yet for humans,
despite many advanced clinical trials.

3. Protein: The protein can be synthesised using established laboratory techniques and injected
directly as the vaccine. Complexes of viral proteins can also be synthesised to simulate the shape of
a virus particle. This is the foundation of some commercially available vaccines, Gardasil® being one
example, and so there is significant global capacity to produce protein-based vaccines.'® However,
manufacturing timelines are longer and more difficult to scale up.

4. Nucleic acid: Genetic material, DNA or RNA, that encodes the antigen is packaged and injected into
the host. This gives the host cells the instructions to create the antigens that then elicit an immune
response. For COVID-19, the genetic sequence of the spike protein (or other SARS-CoV-2
components) is injected and can enter the host cells. The host cell machinery at the physical site of
injection then synthesises the spike protein and an immune response may ensue. Vaccines produced
using the nucleic acid platform are cost effective compared to other platforms. However, RNA is
inherently unstable and requires careful cold storage for distribution. It is also a new vaccine
technology and although it may be scaled rapidly, this has never been done. No nucleic acid vaccines
have been licensed for human use. Only two RNA vaccine candidates, one against rabies and the
other against influenza, have ever been tested for safety in humans. Their ability to provoke an
immune response in humans has not been shown and they exhibited only modest immunogenicity

in animal studies.'¥?°

Protein and inactivated vaccines do not always induce robust immune responses without immunostimulants,
named ‘adjuvants’, which are often part of the vaccine formulation. Adjuvants function to either replace the
normal immune stimulating components of the whole virus, or (for example, when administered to the
elderly) to boost declining immunity and poor response to vaccines. Examples of vaccines in which inclusion
of an adjuvant improves the immune response include the shingles and hepatitis B vaccines, in which the

adjuvant is very effective; and the influenza vaccines, in which the benefit of the adjuvant is modest. 212



Side effects of vaccines

In rare cases, adverse side effects can occur for some vaccines. These include injection site reactions and

generalised effects such as fever and tiredness. Very rarely, more severe life-threatening reactions such as

anaphylaxis or specific adverse events related to the vaccine formulation may occur. Early work on SARS-

CoV-1 and MERS candidate vaccines in mice and non-human primate models indicated that some

precipitated severe lung disease following live virus challenge.?*% No such consequences have yet been

reported for animal testing with any SARS-CoV-2 candidate vaccines.

Vaccines for COVID-19

More than 100 vaccine candidates are currently on the record as being in pre-clinical development.?®=28 This

number does not include candidates yet to enter the public domain.

Vaccines in clinical trials

As at 10 May 2020, 10 vaccines are reported to be in clinical trials.

aAPC vaccine

26-28

Company

Shenzhen Geno-Immune Medical Institute, China

Development stage

Phase | clinical trials; 100 participants®

Technology Viral vector
Advantages Platform used for the development of other candidate vaccines
Limitations Challenges for large-scale manufacturing
Ad5-nCoV
Company CanSino Biologics Inc and Beijing Institute of Biotechnology, China.

Development stage

Phase | and Il clinical trials; 109 and 500 participants, respectively®%3!

Technology Viral vector

Advantages Established technique; good pre-clinical and Phase | trials for MERS and Ebola3*
34

Limitations Challenges for large-scale manufacturing




bacTRL-Spike

Company

Symvivo Corporation, Canada

Development stage

Phase | clinical trials; 84 participants®

Technology Nucleic acid, DNA that encodes the spike protein packaged into probiotic
bacteria to deliver vaccine orally
Advantages Quick to manufacture if approved and facilities are made available
Limitations No existing human vaccines, based on any of the DNA platform technologies, are
licensed for use
BNT162-01
Company BioNTech TNA Pharmaceuticals, Germany

Development stage

Phase | and Il clinical trials; 196 participants in total in the two trials.?®
Partnership with Pfizer, USA and Fosun Pharmaceuticals, China

Technology Nucleic acid, RNA that encodes undisclosed SARS-CoV-2 proteins®’
Advantages Quick to manufacture if approved and facilities are made available
Limitations No existing human vaccines, based on any of the RNA platform technologies, are

licensed for use. Requires careful cold storage and distribution facilities

ChAdOx1 nCoV-19

Company

Oxford University, UK, AstraZeneca, a British—Swedish multinational, and the
Coalition for Epidemic Preparedness Innovations

Development stage

Phase | and Il clinical trials; 1,090 participants in total in the two trials®

Technology Viral vector

Advantages Pre-clinical studies show a strong immune response in mice.*® Established
technique; was trialled in MERS and influenza®®#!

Limitations Challenges for large-scale manufacturing

ChiCTR2000031809

Company

Beijing Institute of Biological Science, Henan Provincial Centre for Disease
Control and Prevention, and Wuhan Institution of Biological Products, China

Development stage

Phase | clinical trials; 1,500 participants*

Technology Inactivated virus
Advantages Platform used for the development of other candidate vaccines
Limitations Challenges for large-scale manufacturing




Inactive Vaccine for Prophylaxis of SARS-CoV-2 (un-named)

Company

Sinovac, China

Development stage

Phase | and Il clinical trials, 744 participants in total in the two trials*®

Technology Inactivated virus + alum adjuvant
Advantages Preclinical study awaiting peer review demonstrated strong immune responses
in mice, rats and non-human primates;** was previously trialled for SARS-CoV-1%°
Limitations Challenges for large-scale manufacturing of the vaccine and adjuvant
INO-4800
Company Inovio Pharmaceuticals, USA and the Coalition for Epidemic Preparedness

Innovations

Development stage

Phase | clinical trials; 40 participants;*® in partnership with China and South
Korea

Technology Nucleic acid, DNA that encodes for the spike protein®’
Advantages Quick to manufacture if approved and facilities are made available
Limitations No existing human vaccines, based on any of the DNA platform technologies, are

licensed for use

LV-SMENP-DC vaccine

Company

Shenzhen Geno-Immune Medical Institute, China

Development stage

Phase | clinical trials; 100 participants*®

Technology Viral vector
Advantages Platform used for the development of other candidate vaccines
Limitations Although the platform is not new, it is being applied in a novel way: instead of

targeting antibody production it is trying to stimulate T cell immunity. Challenges
for large-scale manufacturing




mRNA-1273

Company Moderna, the National Institute of Allergy and Infectious Diseases, USA and the
Coalition for Epidemic Preparedness Innovations

Development stage Phase Il clinical trials; 45 participants*>*°

Technology Nucleic acid, RNA that encodes for the spike protein

Advantages Moderna expects to have commercially available vaccines in 12 to 18 months!

Limitations No existing human vaccines, based on any of the RNA platform technologies, are

licensed for use. Requires careful cold storage and distribution facilities

Promising COVID-19 vaccine candidates not yet in clinical trials
Although there are 10 vaccines for COVID-19 already in clinical trials, the first vaccines to progress through

human studies or to be licensed will not necessarily be the most effective for deployment.

The Coalition for Epidemic Preparedness Innovations (CEPI) is an international fund to develop vaccines
against emerging infectious diseases.>? CEPI is funding the development of nine COVID-19 vaccines.>*** In

addition to the three in clinical trials noted above, CEPI is also supporting the development of vaccines by:

- the University of Queensland, Australia: a spike protein vaccine that relies on a ‘molecular clamp’ to
preserve the shape of the spike protein when produced in vitro

- CureVac, Germany: an RNA vaccine that codes for the spike protein

- Novavax, Sweden: a spike protein vaccine

- the University of Hong Kong: a viral vector vaccine

- the Institute Pasteur, France, and Themis Bioscience, Austria: a viral vector vaccine

- Clover Biopharmaceuticals Australia, a subsidiary of Sichuan Clover Biopharmaceuticals, China: a

spike protein vaccine.

Johnson & Johnson, USA, has partnered with Biomedical Advanced Research and Development Authority
(BARDA), USA, to develop a viral vector vaccine and they expect to commence phase | clinical trials in
September 2020.5>°° Their platform is also being used for Zika, RSV and HIV vaccines that are in phase Il and

[l clinical trials.
GSK, UK, and Sanofi, France, are collaboratively developing a spike protein vaccine with adjuvant.>’

Merck, USA, has partnered with the Institute for Systems Biology to repurpose its viral vector vaccine,

ERVEBO®, which was FDA approved for Ebola.*®



National landscape of COVID-19 vaccines

Australian-produced vaccines are still at an early stage of research; one has reached the stage of pre-clinical

animal testing.

The University of Queensland, in collaboration with CEPI, is currently working with Viroclinics Xplore,

Netherlands, in pre-clinical animal studies of their spike protein vaccine. They also have a collaboration with
Cytiva (previously GE Life Sciences) to support aspects related to future manufacturing and are expecting to
begin clinical trials in early June 2020. The group has been provided access to several commercial adjuvants
from GSK, Dynvax and CSL (Seqiris). They have also partnered with CSIRO to investigate how to scale-up the

protein vaccine for pre-clinical and clinical testing.
Other Australian organisations and institutions working to develop COVID-19 vaccines include:

- Burnet Institute, in collaboration with Monash University and 360BioLabs (Australia), is developing a
protein-based vaccine

- Doherty Institute is investigating two protein-based and two viral vector vaccines

- Griffith University has developed a new biopolyester bead vaccine technology platform that uses
specially designed beads to deliver the spike protein into the host and is awaiting pre-clinical testing,
to be performed by the Doherty Institute

- Monash University is investigating RNA-based nucleic acid vaccines

- Westmead Institute is investigating a protein fragment adjuvant vaccine for boosting declining

immunity in people over the age of 60 years.

CSIROQ’s Australian Centre for Disease Preparedness in Geelong, formerly the Australian Animal Health
Laboratory, has facilities to support pre-clinical animal testing. This is where Inovio’s INO-4800 vaccine and
the University of Oxford’s ChAdOx1 are being tested in ferrets.>® Researchers at CSIRO are also evaluating
the best ways to administer certain vaccines for better protection, including intra-muscular injection and

innovative approaches like nasal spray.

Australian capacity to develop vaccines is limited by access to Biosafety Level 3 (BSL3) animal houses, animal
models and trained and accredited staff to do the work. During the COVID-19 pandemic, research
institutions across the world, including in Australia, are competing for these resources. Hindered access will
delay our ability to advance home-grown technologies. Notably, researchers at the Walter Eliza Hall Institute
of Medical Research are working to develop a supply of ACE2 transgenic mice, an animal model for the study

of COVID-19.%°

For Australians to have early access to newly developed vaccines, we must be able to support clinical trials.®*

However, phase lll clinical trials will require COVID-19 patients. Because Australia has a relatively low



incidence of COVID-19, we are a less optimal location for phase Il vaccine trials. Australia could still play a
role by focusing on safety trials (phase 1) or efficacy trials (phase Il) on niche high-risk populations. This is in
addition to continuing our collaborative efforts with international research groups and global consortia.
Australia has strong capacity for undertaking vaccine trials through a network of vaccine trial centres that
could support phase | and Il COVID-19 vaccine studies. With many countries currently in lockdown with
closed clinical trial facilities, Australia is seen as an attractive option for phase | and Il COVID-19 vaccine

trials.

Countries that can manufacture vaccines are likely to prioritise supply for their own populations. In Australia,
only CSL has facilities to support end-to-end manufacturing of protein vaccines and most vaccines and
therapeutics are and will continue to be manufactured offshore. Onshore manufacturing has historically

relied on government support.®?

Challenges in developing a vaccine for COVID-19

A safe and effective vaccine is the ultimate public health control measure for achieving effective levels of
immunity. The ideal vaccine would also be scalable, cost effective to manufacture and easily distributed and

administered widely across the globe to ensure reduced virus transmission and impact of disease.

Robust vaccines already exist for diverse diseases, excluding coronaviruses. They have a long history of safe
use, have been developed in line with international standards and regulations and have been thoroughly
evaluated. These strict procedures see over 90% of candidates fail at phase | or Il of clinical trials. For COVID-

19, multiple approaches globally are needed to increase our chances of success.

Although concerted research efforts have enabled rapid advancement of potential COVID-19 vaccines,
current candidate vaccines have not had the luxury of time to enable the development of a safe and

effective vaccine.

Based on previous attempts to develop vaccines against coronaviruses, there are many challenges. Firstly, a
vaccine could exacerbate the disease. Antibodies that bind to the SARS-CoV-2 spike protein could

.83 Coronaviruses can induce acute

inadvertently enhance and not block virus entry into the host cel
respiratory distress syndrome (ARDS), a consequence of the patient’s own aberrant immune response, and
incorrectly developed vaccines could exacerbate this condition.?>®* Another challenge relates to the fact that
human coronaviruses are endemic and probably cause 10 to 15% of common cold cases.®*™® If an individual
has been previously infected with another human coronavirus, neutralising antibodies may already exist
against those other coronaviruses and although they could bind to SARS-CoV-2, they would be suboptimal

for neutralising it. These suboptimal-neutralising antibodies would compete with the specific SARS-CoV-2



neutralising antibodies to bind to the antigen and thus either eliminate or reduce the effectiveness of the

SARS-CoV-2 vaccine candidate.®

Extensive safety trials are essential to ensure that any undesirable outcomes are avoided. Animal models are
encouraging. In a study awaiting peer review, Quinlan et al. found mice did not suffer adverse side effects
from a novel protein-based vaccine for SARS-CoV-2.%97° Using hamsters, Kam et al. developed a vaccine for

SARS-CoV-1 that also did not induce the above side effects.”?

Scaling up production may present a bottleneck. For example, if an RNA-based vaccine is approved, large-
scale manufacturing for this technology platform does not yet exist globally. If some vaccines require the
addition of an adjuvant, adjuvant production could further delay production. Notably, companies that
manufacture adjuvants have committed to making their products available for use with COVID-19 vaccines.”?
The global demand for and restricted global distribution of other components required for manufacturing

vaccines may also limit production.”®

Another challenge for developing vaccines is the possibility that the virus will change its genetic make-up
(mutate) over time. If the mutations significantly change the spike protein structure originally used to
develop the vaccine, the neutralising antibodies that provided immunity will no longer be effective against
the mutated protein structure. This has been an obstacle in developing a vaccine for HIV.”® There is some
preliminary evidence that the mutation rate of SARS-CoV-2 could potentially increase the transmissibility of

the virus and disease severity, challenging the development of an effective vaccine.”> "8

Importantly, if an effective vaccine is developed and deployed, epidemiologists will need to calculate the
proportion of the population required to be vaccinated to potentially provide ‘herd immunity’. This is
determined by vaccine efficacy multiplied by coverage of the population. The impediments to coverage
include hesitancy or refusal of individuals to be vaccinated, and the availability and accessibility of vaccines.
These impediments could lead to hotspots of low immunity and potential viral transmission in a ‘second
wave’. There are now considerable data on the psychology of these responses and these need to be
incorporated in a vaccination response.” In addition to development, equitable access of COVID-19 vaccines

will be crucial for supporting global efforts in overcoming COVID-19.

An important note on available COVID-19 research

Although current COVID-19 research is available through pre-print servers, many of these articles have not
yet been peer reviewed (an imperative pillar of the scientific method) and the relatively short time length of
the current outbreak has resulted in variable testing and reporting practices in different countries.

Conclusions drawn need to be interpreted with caution. Pre-prints are marked with a § in the reference list.

10



The development of vaccines for COVID-19 is a rapidly developing area of research with almost daily
updates. This brief is accurate at the time of writing and will become out of date at a later time of reading.

Consultation with the Australian Academy of Science is possible if the reader has questions.

11



APPENDIX A

Vaccine development process and opportunities for acceleration

A lengthy development process

Development of a new vaccine is a lengthy and expensive process, from initial development through to
clinical trials and production. Extensive applications to regulatory authorities, reporting and evaluation
processes must be met to ensure that appropriate ethics, safety, laboratory and manufacturing processes
are upheld. The gold standard for pharmaceutical manufacturing is the Good Manufacturing Practice (GMP)
system.° It usually takes 8 to 18 years and, including the cost of failures, over one billion US dollars for a
novel vaccine to be developed and progressed into commercial production.®! If these average timelines for
translational research are applied to COVID-19, we will not see a vaccine until somewhere between 2028

and 2038 — if a vaccine is even possible.

The standard development process for new vaccines is:3%73

1. Exploratory stage: Fundamental (basic) and applied research to understand the virus and disease,
identify and investigate mechanisms of action for candidate vaccines. This phase can overlap with
the next step.

2. Pre-clinical trials: Promising vaccine candidates are designed and produced at small scale for in vitro
trials and then trialled in animal models. For SARS-CoV-2, the animal models include hamster,
macaques, ferrets and genetically modified mice.®%8>%0

3. Phase | trials: Assess safety and dosage; 5 to 50 human subjects.

4. Phase ll trials: Test the ability of the vaccine to provoke the desired immune response (efficacy) and
expand safety assessment to include larger number of healthy individuals, children and high-risk
populations. Dosage continues to be optimised. Phase Il trials involve several hundred to 1,000
subjects.

5. Phase lll trials: An expanded number of subjects, including placebo controls, to accurately define
efficacy and identify potentially rare side effects that would not appear in smaller samples; 1,000 to
30,000 subjects.

6. Approval and licence to market. Licensed based on GMP at full scale and the phase Il safety and
efficacy clinical trial data.

7. Phase IV trials: Conducted post-licence and marketing to continue monitoring safety and efficacy.

12



Speeding up vaccine development during COVID-19

In the global rush to develop a COVID-19 vaccine, our international regulatory and safety protocols must not
be weakened. The risk is deployment of a vaccine that is not fully evaluated for safety or efficacy and, worse
still, exacerbates the potential of immune-mediated disease.’>* This is particularly pertinent in light of
previous work on vaccines for SARS-CoV-1 and MERS.?>®3 Large-scale safety and efficacy studies are

imperative to avoid potential adverse consequences.

However, there are suggestions and practices already in place that have enabled the safe advancement of a
vaccine for COVID-19 at unprecedented speed. COVID-19 has created the largest and fastest scientific

response for vaccine development ever seen.

Firstly, government and non-government organisations around the world are stepping in to support rapid
research and development. Examples include the Medical Research Future Fund in Australia, the
Accelerating COVID-19 Therapeutic Interventions and Vaccines partnership in the USA, the international

Coalition of Epidemic Preparedness Innovations (CEPI), and the ‘pledging conference’ in Europe.’%%37%

Technological advancements have enabled the rapid sequencing of the SARS-CoV-2 genome.*’ This has
enabled determination of any variation in SARS-CoV-2 strains from around the world, essential groundwork
for development of a globally effective vaccine.’® The sequence also revealed that SARS-CoV-2 was 79%
identical to SARS-CoV-1 and 50% identical to MERS.?® Both SARS-CoV-1 and MERS had high case fatality rates
and significant research has been conducted on both viruses that have provided a starting point for COVID-

19 vaccine development.1®

Traditional research silos that have hindered collaboration and delayed advancement are also being
challenged. Researchers have been able to access all COVID-19 related articles openly and in pre-print, as
opposed to the standard pay-wall publishing processes.’®* And pharmaceutical companies are working

collaboratively rather than in competition.

Mechanisms in place to safely speed up translational research include WHQ'’s Solidarity Trial initiative to
enable concurrent testing and evaluation of all COVID-19 vaccine candidates as they become available, and
the setup of special ethics committees to reduce application turnaround time. 19271% There is also the
possibility to deploy a vaccine that has been demonstrated as safe and shown positive results in early-stage
trials for ‘Emergency Use’. The vaccine could be administered to at-risk groups such as healthcare staff,
young adults (the age group where SARS-CoV-2 is spreading the most), or the elderly (who experience more

severe symptoms and increased mortality levels).19>-108

13



It could also be possible to speed up the process by prioritising vaccine candidates based on their production
capacity and preparing manufacturing facilities in advance to be able to immediately produce the quantities

needed once approved.

14
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