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The prior year has seen an unprecedented number of vaccine candidates directed at the COVID-19
pandemic. This report examines these vaccines and the related research effort, both traditional and
forward-looking, to illustrate the advantages and disadvantages of their technologies, to denote
the use of adjuvants and delivery systems in their application, and to provide a perspective on their
future direction.

1. INTRODUCTION and health conditions. In addition, long-term monitoring is

Since the beginning of the coronavirus disease 2019 (COVID-19) necessary in order to establish vaccine efficacy and to rule out
pandemic caused by severe acute respiratory syndrome rare safety issues.

coronavirus-2 (S ARS-COV—Z),I the world has taken significant The fact that several COVID-19 vaccine candidates entered
measures to cope with this disease, from increasing personal into clinical trials in less than 6 months and were conditionally
protection equipment (PPE) production and emphasizing the approved in 10 months since the beg‘““mg Of. the CQVID'19
importance of social distancing/masking to the Emergency Use outbreak c-lemor}sltlrgtes a record-breaking speed in vaccne devel-
Authorization (EUA) of remdesivir/therapeutic antibodies and opm.ent history.”” Thls.unprecede.nted speed was fac1.htaFe.d by
the agpslication of the well-known corticosteroid dexametha- the timely release of the viral genomic sequence, the availability of

sone.” ~ However, the disease is still spreading in an unre- cutting-edge vaccine technologies, active collaboration among the
lenting fashion and has caused widespread health, social, and global scientific community, adequate funding from various
economic disruption. Therefore, effective vaccines are urgently sources, and the huge/urgent market demand. Since the begin-
needed to end this pandemic and help society return to nor- ning of the pandemic, governmental agencies around the world,
malcy. Indeed, many COVID-19 candidate vaccines have been nonprofit organizations, and various vaccine developers have
researched, developed, tested, and evaluated at an unprece- committed vast resources to COVID-19 vaccine development.
dented speed. As of the end of February 2021, several vaccines Despite the high speed, safety standards for the development
have been conditionally approved, and others are close to such and approval process of the recently available vaccines were
approval. It is likely that many more still in clinical trials will consistent with those for previous vaccines, with rigorous
come to market in the next few years. review of their clinical data by government regulatory agencies

Vaccination is considered one of the greatest medical achieve- and external review panels such as the U.S. Vaccines and
ments of modern civilization. The eradication of smallpox is one Related Biological Products Advisory Committee (VRBPAC)."”
of the best examples of how vaccination stopped a deadly Many COVID-19 candidate vaccines were designed to use
disease and saved millions of lives.” Many childhood diseases, the SARS-CoV-2 spike protein (S protein) or part of it as the
such as polio and measles, have also been drastically reduced in immunogen, an agent capable of inducing immune responses.

incidence due to worldwide adoption of vaccination.””” Annual
influenza vaccination is now a common practice to keep people
from contracting seasonal flu. However, traditional vaccine
development often takes 15 years or more from the initial
design stage to the clinical studies.””'" Vaccines are complex
biological products that need to be designed for a wide range
of healthy people. Thus, the development and evaluation of
vaccines are time-consuming because careful study and moni-
toring are necessary to ensure safe deployment of any vaccine.
Clinical trials of vaccines are often costly, requiring recruitment
of large numbers of volunteers with diverse ethnicities, ages,

The S protein is the viral surface protein that binds to the
angiotensin-converting enzyme 2 (ACE2), a protein receptor
on the surface of human cells that mediates entrance of the
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Figure 1. Top 21 countries by number of COVID-19 candidate vaccines in the development pipelines.

virus into the human cells. The S protein, with a total of 1273
amino acids, consists of two major regions: the S1 and S2
domains. The S1 domain, where the receptor-binding domain
(RBD) resides, is responsible for the binding of S protein with
the ACE2 receptor." "> The use of S protein as the immu-
nogen was supported by evidence from previous SARS and
MERS vaccine development; vaccines that can induce strong
antibody responses against the S protein often have a signif-
icant effect on blocking viral entry into host cells during natural
infection.'® This observation was further validated in studies in
which most of the SARS-CoV-2 neutralizing antibodies from
COVID-19 convalescent patients were against either the
S protein or its RBD domain.">'® Previous research experience
with SARS and MERS coronaviruses identified two proline
substitutions on S protein, which stabilize the antigenically opti-
mal prefusion conformation of this grotein and were employed in
the COVID-19 vaccine design.'”"® The prior vaccine research
with SARS and MERS also helped establish suitable animal
models for vaccine efficacy testing.'””° Technologies for
mRNA and vector vaccines allowed researchers to precisely
design the antigen yet avoid complicated zprotein purification
steps and a high-risk viral culture process.”"

In this report, we first provide an overview of the vaccine
development landscape with a discussion of the advantages
and disadvantages of different vaccine platforms. We then focus
on vaccine adjuvants as well as nanotechnology in vaccine delivery
systems, as both are relatively underdeveloped areas. Lastly, we
analyze the research trends in published documents related to
COVID-19 vaccine development and provide a landscape of these
documents with highlights on the most notable journal articles.
We hope this report can serve as a useful resource for people who
want to get a quick understanding of the technologies involved in
COVID-19 vaccines, as well as an appreciation of the global effort
of COVID-19 vaccine development.

2. CURRENT COVID-19 VACCINE LANDSCAPE

Since the beginning of the COVID-19 pandemic, there has
been a worldwide race to develop vaccines against this disease.
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By the end of February 2021, more than 40 countries and
regions were working on developing COVID-19 vaccines, and
at least half of these countries have had one or more vaccines
in clinical trials, based on the analysis of vaccine development
data from the World Health Organization (WHO).”* As shown
in Figure 1, the United States leads many other countries and
regions in the number of both clinical (17) and preclinical
(39) vaccine candidates. China is ranked second with 13 can-
didates in clinical trials and 10 in preclinical studies. Canada
places third with S candidates in clinical trials and 12 in pre-
clinical studies. Among those in clinical trials, two vaccines
from the United States (Moderna and Johnson & Johnson/
Janssen), one codeveloped by the United States (Pfizer) and
Germany (BioNTech), one from the UK (AstraZeneca/Oxford),
four from China, and one from Russia have been granted con-
ditional authorizations in one or more countries.

By the end of February 2021, a total of 256 COVID-19 vaccine
candidates have been developed, with 74 in clinical trials and 182
in preclinical studies. Of the 74 candidates, 16 are undergoing
further validations of safety and efficacy in Phase 3 or Phase
4 clinical trials with large numbers of volunteers (more details
in Table 6).”” These vaccine candidates were developed based
on a variety of approaches, including conventional whole virus
vaccines (live attenuated or inactivated vaccines), recombinant
protein-based vaccines (protein subunit vaccines, virus-like
particles (VLP)), viral vector vaccines, and nucleic acid vac-
cines (DNA- and mRNA-based vaccines). Figure 2 illustrates
the distribution of various COVID-19 vaccine candidates
among different platforms. Protein-based vaccines constitute
the largest category, accounting for 35.9% of all the COVID-19
vaccine candidates being developed, with 24 in clinical trials
and 68 in preclinical studies. The nonreplicating viral vector,
mRNA, DNA, replicating viral vector, and inactivated vaccines
account for 13.3%, 12.1%, 10.2%, 9.8%, and 8.2%, respectively.

Figure 3 lists the top seven countries according to the
number of COVID-19 vaccine candidates in clinical trial. The
United States, China, the UK, and Germany have the vaccines
in the most advanced clinical trial stage, Phase 4 (post market

https://doi.org/10.1021/acscentsci.1c00120
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Figure 2. Distribution of COVID-19 vaccine candidates among different vaccine platforms and their development stages.
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Figure 3. Distribution of COVID-19 vaccine candidates in clinical trials among top seven countries regarding the trial stages and vaccine platforms.

studies). Individual vaccines as represented by colored dots
showing the stages of clinical trials are displayed among differ-
ent vaccine platforms by country. India is the only country
where a live-attenuated COVID-19 vaccine is being developed.
China, India, and the UK each has inactivated COVID-19
vaccine candidates. All seven countries are developing protein
subunit-based vaccines. With the exception of Germany, these
countries are also developing viral vector-based COVID-19
vaccines. In addition, the United States and China have the
highest numbers of vaccines in clinical trials, and they both
cover a diverse range of platforms, although no live attenuated
or inactivated vaccine is being developed in the United States.
Both Germany and the UK have COVID-19 vaccine can-
didates in advanced clinical trial stages using the viral vector or
mRNA platform. South Korea and Canada seem to have
devoted their efforts to developing protein subunit-, viral
vector-, and DNA-based vaccines, although these are still in

514

early clinical trial stages. This interesting distribution pattern of
vaccine platforms among top vaccine-developing countries may
be related to factors such as (1) availability of vaccine technol-
ogies in individual countries, (2) consideration for expedited
mass production and the presence of facilities for such produc-
tion, and (3) variation in the regulatory concerns/stringency in
different countries.

3. VACCINE PLATFORMS

Multiple vaccine platforms have been explored for COVID-19
vaccine development as each vaccine platform has unique advan-
tages and disadvantages (Table 1 and Figure 4).* It is very likely
that the world will need more than one type of approved vaccine to
combat this pandemic with assurance of broad target population
coverage, production quantities, and storage and transportation
requirements on top of vaccine safety and effectiveness.

https://doi.org/10.1021/acscentsci.1c00120
ACS Cent. Sci. 2021, 7, 512-533


https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.1c00120?fig=fig2&ref=pdf
https://doi.org/10.1021/acscentsci.1c00120?rel=cite-as&ref=PDF&jav=VoR

ACS Central Science

IN FOCUS

Table 1. Vaccine Platforms and Their Potential Advantages and Disadvantages

vaccine platform

Live-attenuated

Inactivated

Protein subunit

advantages

e Strong and long-lasting immune response
® Broad antigenic profile

® Broad antigenic profile

e Noninfectious

o Targeting key antigens

disadvantages

® Potential risk of disease
® Requirement for biosafety facilities

® Reduced immune response
® Requirement for biosafety facilities
e Lower purity

o Limited capability in inducing cell-mediated
immunity

o Adjuvant often needed

existing vaccine examples

o Smallpox

e Tuberculosis (BCG)
® Measles

e Polio (OPV)

e Hepatitis A
e Polio (IPV)
® Rabies

e Influenza

e Hepatitis B (HBV)

e DTP (diphtheria, tetanus,

and pertussis)

o Challenges in large-scale production

o Noninfectious
 Broad antigenic profile

Nonreplicating viral
vector

e Fast to produce

® Reusable platform

e Strong in both cell- and antibody-mediated
immune responses

Replicating viral
vector

o Fast to produce

e Lower doses/single dose
® Reusable platform

e Strong in both cell- and antibody-mediated
immune response

® Less infectious
DNA o Fast to produce
e Scalable
® Noninfectious
® Reusable platform
e Stable at room temperature

mRNA o Fast to produce

e Limited immunogenicity
e Lower purity

® Pre-existing immunity against the vector

® Pre-existing immunity against the vector

® May need special delivery devices

® May need extremely low temperatures for storage

® Hepatitis B (HBV)
e Papillomavirus (HPV)

N.A.

® Risk of adverse reactions

e Ebola (EUA)

® Risk of adverse reactions

N.A.

e COVID-19 (EUA)

and transportation

® Noninfectious

e No genome integration risk

® Reusable platform

e Stimulates strong T cell response

e Simple formulations

® May need special delivery systems

3.1. Conventional Whole Virus Vaccines. Conventional
whole virus vaccines, including live-attenuated and inactivated
vaccines, are the oldest and most well-established types of
vaccine, used in smallpox, BCG, and measles vaccines. In the
case of vaccines developed against COVID-19, the attenuated
or inactivated whole SARS-CoV-2 virus is administered to indi-
viduals to elicit the immune responses. The immune responses
are likely to target not only the S protein of SARS-CoV-2, but
also many other viral proteins. Manufacturing of these
COVID-19 vaccines is more time-consuming and difficult
because it takes time to grow the virus into large quantities and
requires dedicated biosafety level 3 production facilities.”’

3.1.1. Live-Attenuated Vaccines. Live-attenuated vaccines
are traditionally produced by serial passage of disease-
producing viruses in cultured cells with selection for a weak-
ened replication capability and thus reduced virulence. The
virulence of viruses in live-attenuated vaccines is reduced, but
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the viruses still retain the ability to replicate. These vaccines
usually produce strong and long-lasting antibody-mediated
(humoral) and cell-mediated immune responses by mimicking
natural infection, but extensive safety evaluation is required.
Although live-attenuated viral vaccines do not normally cause
disease, they are rarely used in immunocompromised patients
because of the possibility of infection by the live viruses in the
vaccine. Interestingly, a live-attenuated candidate vaccine against
COVID-19 was developed via codon deoptimization by
Codagenix/Serum Institute of India. It has entered into Phase
1 clinical evaluation with a single dose administered intranasally
(Table 2).** Four other candidates are undergoing preclinical
studies. However, it is worth noting that concerns have been
raised that such vaccines may revert to virulence in some cases.”’

3.1.2. Inactivated Vaccines. Inactivated vaccines, also called
killed vaccines, are produced by first growing the virus in
a culture medium and then inactivating it by treatment with

https://doi.org/10.1021/acscentsci.1c00120
ACS Cent. Sci. 2021, 7, 512-533
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Figure 4. Vaccine platforms and their ways of producing immunogen in cells. (A) Inactivated vaccine results in a broader spectrum of antigens
when it is taken up and broken down by cells. (B) Protein-based vaccine produces a more focused response to a targeted antigen when it is taken
up and processed into multiple epitopes by cells. (C) Viral vector vaccine delivers antigen-encoding DNA to cells and enhances the inflammatory
response and immunity. (D) Nucleic acid vaccine enters cells and serves as the transcriptional/translational template for protein antigen synthesis.

Table 2. Live-Attenuated and Inactivated Vaccine Candidates against COVID-19 in Clinical Trials

vaccine platform (no. of

vaccines in clinical trials) developer/manufacturer

Codagenix/Serum Institute of India (India)
Sinovac (China)

Live-attenuated virus (1)
Inactivated (10)

Wuhan Institute of Biological Products/Sinopharm
(China)

Beijing Institute of Biological Products/Sinopharm
(China)

Bharat Biotech (India)

Institute of Medical Biology, Chinese Academy of
Medical Sciences (China)

Research Institute for Biological Safety Problems
(Kazakhstan)

Beijing Minhai Biotechnology Co (China)

Valneva, National Institute for Health Research (UK)
Erciyes University (Turkey)

Shifa Pharmed Industrial Co (Iran)

“IM: intramuscular; IN: intranasal.

vaccine (CAS Registry route of administration®

Number) clinical stage (no. of doses)
COVI.VAC Phase 1 IN (1-2)
CoronaVac Phase 4 M (2)

(2480309-93-9)
N.A. Phase 3 M (2)
BBIBP-CorV Phase 3 M (2)
(2503126-65-4)
Covaxin/BBV152 Phase 3 M (2)
(2501889-19-4)
N.A. Phase 3 M (2)
QazCovid-in Phase 3 M (2)
(2541708-50-1)
N.A. Phase 2 M (1, 2,3)
VLA2001 Phase 1/2 M (2)
ERUCOV-VAC Phase 1 M (2)
N.A. Phase 1 M (2)

chemicals, heat, or radiation. Vaccines against hepatitis A, polio,
and measles fall into this category. The viruses in these vaccines
cannot replicate and so have no risk of causing infection, even
in immunocompromised patients. Compared with live-attenuated
vaccines, they are less effective, mainly eliciting the antibody-
mediated immune response with minimal cell-mediated
immune response, and thus usually require multiple doses to
boost immunity. Of the 21 inactivated COVID-19 vaccines,
11 are in preclinical studies, and 10 have entered clinical trials
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with S in Phase 3 (Table 2). For example, CoronaVac from
Sinovac was developed with S-propiolactone as an inactivating
agent and formulated with aluminum hydroxide as an adjuvant
(more details in the adjuvant section). With encouraging safety
and immunogenicity results from a Phase 1/2 clinical trial,” this
vaccine has achieved an overall efficacy of 50.7% in the Phase 3
trial and has received conditional marketing authorization
(CMA) in China.””*® Another vaccine, BBIBP-CorV produced
by Sinopharm in China, exhibited satisfactory early clinical trial

https://doi.org/10.1021/acscentsci.1c00120
ACS Cent. Sci. 2021, 7, 512-533
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Table 3. Recombinant Viral Protein-Based Vaccine Candidates against COVID-19 in Clinical Trials

vaccine platform (no. of

vaccines in clinical trials) developer/manufacturer
Novavax (USA)

Anhui Zhifei Longcom Biopharmaceutical/

Protein subunit (24)

Institute of Microbiology, Chinese Academy of Sciences

(China)
Kentucky Bioprocessing, Inc. (USA)

Sanofi Pasteur (France)/GSK (UK)
Biological E Ltd. (India)
West China Hospital, Sichuan University (China)

Clover Biopharmaceuticals Inc.(China)/GSK (UK)/
Dynavax (USA)

Vaxine Pty Ltd. (Australia)/Medytox (South Korea)

Medigen Vaccine Biologics Corporation (Taiwan)/
NIAID/Dynavax (USA)

Center for Genetic Engineering and Biotechnology
(Cuba)

Center for Genetic Engineering and Biotechnology

(Cuba)

FBRI SRC VB VECTOR, Rospotrebnadzor,
Koltsovo (Russia)

University Hospital Tuebingen (Germany)

COVAXX (USA)/United Biomedical Inc. Asia (Taiwan)

Adimmune Corporation (Taiwan)

Nanogen Pharmaceutical Biotechnology (Vietnam)
Shionogi Inc. (Japan)

Instituto Finlay de Vacunas (Cuba)

Instituto Finlay de Vacunas (Cuba)

University Medical Center Groningen (Netherlands) +

Akston Biosciences Inc. (USA)
University of Saskatchewan (Canada)

SK Bioscience Co., Ltd. (South Korea)

Razi Vaccine and Serum Research Institute (Iran)
The University of Queensland (Australia)

VLP (2) Medicago Inc. (Canada)
SpyBiotech/Serum Institute of India (India)

“IM: intramuscular; SC: subcutaneous; IN: intranasal.

route of administration”

vaccine (CAS Registry Number) clinical stage (no. of doses)

NVX-CoV2373 (2502099-58-1) Phase 3 M (2)
ZF 2001 (2609662-31-7) Phase 3 IM (2 or 3)
KBP-COVID-19/KBP-201 Phase 1/2 IM (2)
(2543206-35-3)
N.A. Phase 1/2 M (2)
N.A. Phase 1/2 M (2)
N.A. Phase 2 M (2)
SCB-2019 (2541906-99-2) Phase 2/3 M (2)
COVAX-19 (2543231-22-5) Phase 1 M (1)
MVC-COV1901 (2565776-92-1) Phase 2 M (2)
Soberana 01 (2543410-63-3) Phase 1/2 M (3)
Soberana 02 (2543416-58-4) Phase 1/2 M (3)
N.A. Phase 1/2 M (2)
CoVAC-1 (2543517-71-9) Phase 1 SC (1)
UB-612 (2543531-06-0) Phase 2/3 IM (2)
N.A. Phase 1 ND
N.A. Phase 1/2 M (2)
$-268019 Phase 1/2 M (2)
FINLAY-FR1 Phase 1/2 M (2)
FINLAY-FR2 Phase 2 M (2)
SARS-CoV-2-RBD-Fc fusion Phase 1/2 SC or IM (ND)
protein
COVAC-1 and COVAC-2 Phase 1/2 M (2)
subunit vaccine (spike protein)
+ SWE adjuvant
GBP510 Phase 1/2 M (2)
Razi Cov Pars, recombinant spike Phase 1 IM and IN (3)
protein
MEFS9 adjuvanted SARS-CoV-2 Phase 1 M (2)
Sclamp vaccine
N.A. Phase 2/3 M (2)
N.A. Phase 1/2 M (2)

results and has transitioned into Phase 3 clinical trials.”” It has
been reported to have a 79.3% efficacy and has received CMA
approval in China.’® BBV152 from Bharat Biotech is presently
in a Phase 3 clinical trial and has received EUA in India.”"

3.2. Recombinant Viral Protein-Based Vaccines.
Although the whole virus vaccines represent a well-established
platform, they require stringent production standards and
procedures. Viral protein-based vaccines, however, are produced
by recombinant technologies and contain only viral proteins
(immunogens), but no genetic materials, and thus are safer in
production and cannot cause infection because no intact virus
is involved in the process.

3.2.1. Protein Subunit Vaccines. Protein subunit vaccines
are protein-based vaccines that contain a viral protein or its seg-
ment as the antigen to elicit immune responses. This is a well-
developed platform, and many approved vaccines are in this
category, including HBV and DTP (Table 1). Because it is
inherently safe and uses well-established techniques of protein
purification, these vaccines comprise the largest category in
COVID-19 vaccine development, as shown in Figure 2. Most
of these vaccines utilize either the S protein or its receptor-
binding domain (RBD) as the antigen. Because the S protein is
membrane-bound with multiple subunits, the expression and

production of the full-length S protein can be challenging. The
RBD fragment, like the full-length S protein, elicits potent neu-
tralizing antibodies and is much smaller and easier to produce.
However, it lacks other potentially important epitopes presented
by the full-length S protein. As a result, the RBD-based vaccines
may not be as effective as the S protein-based vaccines.”
Similar to inactivated vaccines, protein subunit vaccines elicit
mainly antibody-mediated immunity with a weak induction of
T-cell response. Adjuvants are usually needed for this type of
vaccine to boost the immune response and enhance vaccine
efficacy (more information in the adjuvant section).

A total of 24 COVID-19 protein subunit vaccine candidates
have entered clinical trials, including those by Novavax, Anhui
Zhifei Longcom Biopharmaceutical, Kentucky Bioprocessing,
and Sanofi/GlaxoSmithKline (GSK) (Table 3), while 68 more
are in preclinical evaluation (Figure 2). NVX-CoV2373 is a
recombinant S protein nanoparticle vaccine with the saponin-
containing Matrix M1 adjuvant developed by Novavax. It
demonstrated 89.3% efficacy in an interim result of Phase 3
trial with satisfactory safety and immunity data observed in
prior clinical trials.*>*® In March 2021, Novavax revealed that
the UK Phase 3 trial demonstrated efficacies of 96.4% and
86.3% against the original virus strain and the UK (B.1.1.7)

https://doi.org/10.1021/acscentsci.1c00120
ACS Cent. Sci. 2021, 7, 512-533
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Table 4. Viral Vector Candidate Vaccines against COVID-19 in Clinical Trials

vaccine platform (no. of
vaccines in clinical trials)

Nonreplicating viral
vector (12)

Replicating viral
vector (6)

developer/manufacturer

University of Oxford/AstraZeneca (UK)

CanSino Biological Inc./Beijing Institute of
Biotechnology (China)

Gamaleya Research Institute (Russia)
Johnson & Johnson (USA)
ImmunityBio, Inc. & NantKwest Inc. (USA)

ReiThera (Italy)/LEUKOCARE
(Germany)/Univercells (Belgium)

City of Hope (USA)
Vaxart (USA)

Ludwig-Maximilians - University of Munich
(Germany)

Shenzhen Geno-Immune Medical Institute
(China)

Altimmune, Inc. (USA)
Bharat Biotech International Limited (India)

Jiangsu Provincial Center for Disease
Prevention and Control (China)

Shenzhen Geno-Immune Medical Institute
(China)

Israel Institute for Biological Research/
Weizmann Inst. of Science (Israel)

Aivita Biomedical, Inc. (USA)
Cellid Co., Ltd. (South Korea)

Mabhidol University; The Government
Pharmaceutical Organization (GPO);
Icahn School of Medicine at Mount Sinai
(Thailand)

“IM: intramuscular; IN: intranasal; IV: intravenous; SC: subcutaneous.

clinical route of administration®
vaccine (CAS Registry Number) stage (no. of doses)
AZD1222; ChAdOx1-S; ChAdOx1 Phase 4 M (1-2)
nCoV-19 (2499737-08-3)
AdS nCoV (2540656-88-8) Phase 3 M (1)
rAd26-S+rAdS-S/Gam-COVID-Vac/ Phase 3 M (2)
Sputnik V (2541629-85-8)
Ad26.COV2.S/JNJ-78436735 Phase 3 IM (1-2)
(2541607-046-7
hAdS-COVID-19/hAdS-S-Fusion+ Phase 1 Oral (1)
N-ETSD
Gard-CoV2 (2543636-44-6) Phase 1 M (1)
COHO04S1 Phase 1 M (1-2)
VXA-CoV2-1 (2543668-36-4) Phase 1 Oral (2)
MVA-SARS-2-S (2543700-32-7) Phase 1 M (2)
LV-SMENP-DC vaccine Phase 1/2 SC & IV (1)
AdCOVID Phase 1 IN (1-2)
BBV154 Phase 1 IN (1)
DeINS1-2019-nCoV-RBD-OPT1 Phase 2 IN (1)
(Intranasal flu-based-RBD)
Covid-19/aAPC vaccine Phase 1 SC (3)
VSV-S Phase 1/2 M (1)
Dendritic cell vaccine AV-COVID-19 Phase 1/2 M (1)
AdCLD-CoV19 Phase 1/2 IM (ND)
NDV-HXP-S, Newcastle disease Phase 1/2 M (2)

virus vector

variant, respectively, yielding an overall efficacy of 89.7%.
Notably, no patients in the treatment of NVX-CoV2373 developed
a severe infection.’* UB-612, a multiepitope peptide-based
COVID-19 vaccine developed by COVAXX, targets the RBD
and several other epitopes from the viral structural membrane
and nucleocapsid proteins to promote B-cell and cytotoxic
T-cell immune responses.

3.2.2. Virus-like Particle (VLP) Vaccines. VLP vaccines
represent an evolution of protein subunit vaccinology and may
also be regarded as a specific class of protein subunit vaccines.
These particles are composed of viral capsid/coat proteins that,
when recombinantly expressed from a host cell, can self-
assemble into a capsid-like structure in the absence of the viral
genome and other nonstructural virus proteins. As such, these
noninfective particles provide a scaffold onto which multiple
copies of an antigen (or epitope) can be chemically coupled or
arrayed. This clustering of antigens/epitopes on the VLP
surface allows for enhanced cognate activation of B-cells and
antibody responses.*® Of the two COVID-19 VLP vaccine
candidates in clinical evaluation, one is a vaccine adjuvanted
with ASO3 from Medicago Inc., and the other is from
SpyBiotech/Serum Institute of India (Table 3).

3.3. Viral Vector Vaccines. In contrast to conventional
whole virus vaccines and protein-based vaccines that directly
introduce antigenic proteins to stimulate host immune responses,
vector vaccines use nonpathogenic viral vectors to deliver
antigen-coding DNA fragments to host cells for expression of
the antigen using cellular protein-making machinery. The deci-
sion to use a particular viral vector initially depends on the size
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(in base pairs) of the antigen gene to be inserted as some viral
vectors are more accommodating than others. There are also
concerns as to pre-existing immunity and safety in the target
population as well as genetic stability of the vector and issues
related to manufacturing.’” They can be broadly divided into
two types: nonreplicating viral vector vaccines and replicating
viral vector vaccines. Because viral vector vaccines result in
endogenous antigen production, they are more likely to induce
both humoral and cellular immune responses. Viral vector
vaccines can be developed and produced quickly on a large
scale and do not require very low temperatures for transportation
and storage. However, pre-existing immunity to the vector can
limit the ability of the vector to deliver genetic material to host
cells and thus reduce the effectiveness of the vaccine.

3.3.1. Nonreplicating Viral Vector Vaccines. Nonreplicat-
ing viral vector vaccines represent a relatively new approach,
and no vaccine of this type was approved before this pandemic.
However, 12 vaccine candidates of this type are being eval-
uated in clinical trials against COVID-19 (Table 4). Many of
them use genetically modified adenoviral (Ad) vectors that are
unable to replicate in the human body. This is typically
achieved by deletion of a gene within the vector that encodes a
viral structural protein, thus preventing virion assembly in an
infected cell. Assembly of the vaccine vector requires providing
the missing structural protein through use of a helper virus or a
transgenic host cell. AdS nCoV from CanSino Biologics uses
human adenovirus 5 and has an overall efficacy of 65.3% after
4 weeks following a single dose vaccination.”® JNJ-78436735, a
single-dose vaccine from Johnson & Johnson, uses human
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Table 5. Nucleic Acid Candidate Vaccines against COVID-19 in Clinical Trials

vaccine platform (no. of
vaccines in clinical trials)

DNA (11)

RNA (8)

developer/manufacturer

Inovio Pharmaceuticals/International
Vaccine Institute (USA)

Osaka University/AnGes/Takara Bio
(Japan)

Cadila Healthcare Limited (India)

Genexine Consortium (South Korea)

Symvivo (Canada)

Providence Health & Services (USA)

Entos Pharmaceuticals Inc. (Canada)

GeneOne Life Science, Inc. (South Korea)

University of Sydney, Bionet Co., Ltd.
Technovalia (Australia)

Takis/Rottapharm Biotech (Italy)
Takis/Rottapharm Biotech (Italy)
Moderna/NIAID (USA)

BioNTech (Germany)//Pfizer (USA)

Curevac (Germany)
Arcturus (USA)/Duke-NUS (Singapore)

vaccine (CAS Registry Number)

clinical stage

route of administration”
(no. of doses)

Imperial College London (UK)

Shulan (Hangzhou) Hospital/Center for
Disease Control and Prevention of
Guangxi Zhuang Autonomous Region
(China)

Chulalongkorn University (Thailand)

Providence Therapeutics (Canada)

“ID: Intradermal; IM: intramuscular.

INO-4800 (2535490-43-6) Phase 2/3 ID (2)
AG0301-COVID19 (2541593-92-2); Phase 2/3 M (2)
AG0302-COVID19 (2541593-93-3)
ZyCoV-D (2541524-47-2) Phase 3 ID (3)
GX-19 (2541485-67-8) Phase 1/2 M (2)
bacTRL-Spike Phase 1 Oral (1)
CORVax Phase 1 D (2)
Covigenix VAX-001 Phase 1 M (2)
GLS-5310 Phase 1/2 D (2)
COVIGEN Phase 1 IM (2)
COVID-eVax Phase 1/2 IM (ND)
COVID-eVax Phase 1/2 IM (ND)
mRNA-1273 (2457298-05-2) Phase 4 M (2)
BNT162b1 (2417899-75-1), BNT162b2 Phase 4 M (2)
(2417899-77-3)

CVNCOV (2541470-90-8) Phase 3 M (2)
ARCT-021 (2541451-24-3) Phase 2 ND (ND)
LNP-nCoVsaRNA (2545641-90-3) Phase 1 M (2)
SARS-CoV-2 mRNA vaccine Phase 1 M (2)
ChulaCov19 Phase 1 M (2)
PTX-COVID19-B Phase 1 M (2)

adenovirus 26 and shows 66% overall efficacy in preventing
moderate to severe COVID-19 at 4 weeks following
vaccination.” AZD1222 developed by AstraZeneca in collab-
oration with the University of Oxford uses a chimpanzee adeno-
virus against which humans likely have no pre-existing
immunity.”” An interim analysis of a Phase 2/3 trial of this
vaccine confirmed its safety and efficacy (70.4%).*" All three of
these viral vector vaccines have indeed been granted
conditional approval in one or more countries. In addition,
VXA-CoV2-1 developed by Vaxart is an adenovirus 5 vector
vaccine in a Phase 1 trial that can be administered orally.

Although adenoviral vectors may induce immune responses
against vector components and attenuate antigen-induced
responses, heterologous prime-boost vaccination with two
different vectors could minimize this effect.””** Sputnik V
developed by the Gamaleya Research Institute has two forms,
one based on adenovirus 26 vector, and the other based on
adenovirus 5 vector. These two forms are administered sepa-
rately in a three-week interval. The interim analysis of the
Phase 3 clinical trial in Russia shows 91.6% eflicacy against
COVID-19. This vaccine can be produced as a frozen (storage
temperature is —18 °C) or freeze-dried (storage temperature is
2—8 °C) formulation.**

3.3.2. Replicating Viral Vector Vaccines. Unlike non-
replicating viral vectors, replicating viral vectors are able to
multiply themselves in host cells, such that a smaller dose may
be sufficient to induce immunity as compared with non-
replicating viral vector vaccines. However, there can be safety
concerns, particularly for immunocompromised individuals,
due to the persistence or pathogenicity of the replicating viral
vector vaccines."’

Among six replicating viral vector vaccine candidates in
clinical trials, an intranasal flu-based-RBD replicating viral
vector vaccine is being developed by Jiangsu Provincial Center

519

for Disease Prevention and Control (Table 4). In addition,
VSV-S developed by Israel Institute for Biological Research/
Weizmann Institute of Science uses the recombinant vesicular
stomatitis virus (rVSV), a vector platform similar to the one
Merck used in the development of the approved Ebola vaccine
ERVEBO.**" In humans, wild-type VSV infection is usually
asymptomatic or causes mild flu-like symptoms.

3.4. Nucleic Acid Vaccines. Similar to viral vector
vaccines, nucleic acid vaccines introduce genetic instructions
(DNA or mRNA encoding disease-specific antigens) to host
cells and utilize the host cells’ protein-making machinery to
generate immunogens. The in situ synthesis of these foreign
immunogens within the host cells effectively elicits both
antibody production and T-cell induction, which are important
parameters of protection as observed in convalescent COVID-
19 paltients.48751 In addition, nucleic acid vaccines can more
easily be manufactured on a large scale.

3.4.1. DNA Vaccines. DNA vaccines use plasmid DNA
containing a mammalian expression promoter and a transgene
encoding the protein antigen, such as S protein in the case of
COVID-19 vaccines. They are easy to produce in vitro and are
very stable at room temperature, which simplifies the storage
and distribution of this type of vaccine and may be more
practical for use in endemic areas of developing countries.>”
The platform can also be easily adapted to produce a new
vaccine for another antigen. In early clinical studies, DNA
vaccines are associated with low immunogenicity when they
were delivered by traditional needle injection without the use
of adjuvants or other delivery instruments.”” To compensate,
physical delivery devices such as electroporators or gene guns,
have been introduced during vaccination to improve the
immunogenicity of DNA vaccines.”* No DNA vaccine has yet
been approved, but 11 candidates against COVID-19 are in
clinical trials (Table S). The intradermally delivered DNA
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Table 6. Exemplary COVID-19 Vaccine Candidates with Conditional Approval Granted or in Phase 3 Trials

delivery route and

Phase 3 and 4 trial Clinical Trial

vaccine platform vaccine developer efficacy dosage storage size Registration Number
mRNA BNT162b2° Pfizer/BioNTech 95% IM (2), 3 weeks apart —70 °C 43,998 (age 12+) NCT04368728;
NCT04760132
mRNA-1273 Moderna 94.1% IM (2), 4 weeks apart —20 °C 30,420 (age 18+); NCT04470427;
3,000 (12—<18) NCT04649151;
NCT04760132
Nonreplicating AZD12227 AstraZeneca/ 70.4% IM (2), 12 weeks apart 2—8 °C 12,390 (age 18+) NCT04400838;
viral vector Oxford University NCT04760132
JNJ-78436735  Johnson & 66%  IM (1) 2-8 °C 44,325 (age 18+) NCT04505722
Johnson)
Convidecia CanSino Biologics 653% IM (1) 2—8 °C 40,000 (age 18+) NCT04526990;
NCT04756830
Sputnik V Gamaleya Research  91.6% IM (2), 3 weeks apart —20 °C or 33,758 (age 18+) NCT04530396
Institute 2-8 °C
Inactivated CoronaVac” Sinovac 50.7% IM (2), 2 weeks apart 2—8 °C 12,688 (age 18+) NCT04456595;
NCT04756830;
NCT04747821
BBIBP-CorV Sinopharm 79.3% IM (2), 3 weeks apart 2—8 °C 3,000 (age 18+) NCT04560881
BBV152 Bharat Biotech N.A. IM (2), 4 weeks apart 2—8 °C 25,800 (age 18+) NCT04641481
Protein subunit NVX-CoV2373  Novavax 89.7% IM (2), 3 weeks apart 2—8 °C 30,000 (age 18+) NCT04611802

vaccine

“Phase 4 clinical trial in progress.

vaccine INO-4800, developed by Inovio Pharmaceuticals,
encodes a full-length S protein and entered the Phase 2 segment
of a Phase 2/3 trial in December 2020.>> A preliminary report
from a Phase 1 clinical trial showed that INO-4800 is safe and
well tolerated in the participants. It is also immunogenic in
all subjects in terms of generation of neutralizing antibodies
and/or T cell responses. 6 AG0301-COVID19 and AG0302-
COVID19 developed by AnGes/Osaka University and
ZyCoV-D developed by Cadila Healthcare Limited are also
in late stage clinical trials (Table $).

3.4.2. mRNA Vaccines. The mRNA vaccines are comprised
of mRNA carrying the genetic instruction of the protein
antigens with the mRNA encapsulated in lipid nanoparticles
(LNPs). Upon vaccination, LNP-mRNA is delivered to the
cytosol of the host cells and the mRNA is subsequently used as
a template for protein antigen synthesis. In many COVID-19
mRNA vaccine candidates, the genetic code of the full-length S
protein is delivered and translated into S protein usin_g the host
cells’ protein-making machinery within the cytosol.”” " Anal-
ogous to the vector vaccines and DNA vaccines, the mRNA
vaccines also have the capability to induce both antibody
production and T-cell responses, since the protein antigen is
produced in the cells of the vaccinated person. In addition,
antigen expression after mRNA vaccination is transient,
limiting its persistence in the body. These features suggest
that mRNA can be a fast, safe, and efficient platform for vaccine
development.”

Currently, two COVID-19 mRNA vaccines, from Pfizer/
BioNTech (BNT162b2) and Moderna (mRNA-1273), have
been conditionally approved in multiple countries. Six more
vaccines are undergoing clinical evaluation (Table S). Remark-
ably, it took Moderna only 2 months since the release of the
viral genomic sequence to develop mRNA-1273 for clinical
trial. In July 2020, the company confirmed its safety and pro-
tective immune response after the conclusion of the Phase 1
trial.>” Meanwhile, Pfizer/BioNTech confirmed BNT162b2
safety and immunogenicity data from a Phase 1 trial and
moved this vaccine to a Phase 2/3 trial.*° In November, both
Moderna and Pfizer/BioNTech announced excellent results for
their mRNA vaccines’ efficacy (94.1%°" and 95%, respectively)
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and safety from their Phase 3 trials. In addition, Moderna’s
vaccine exhibited 100% efficacy against severe COVID-19.%

Given the unstable nature of RNA molecules, some mRNA
candidates require strict cold chain management for distribu-
tion and storage. Pfizer/BioNTech and Moderna mRNA
vaccines require storage at —70 °C®* and —20 °C, respectively.
However, the German company CureVac announced that their
mRNA vaccine candidate CVnCOV, currently in Phase 2 study,
is stable for three months at S °C.°° In addition, Arcturus
Therapeutics has developed a single-dose, self-amplifying
mRNA vaccine, ARCT-021, that can be stored at a normal
refrigerator temperature as a freeze-dried formulation.®®

3.5. Summary of the Most Promising COVID-19
Vaccine Candidates. Table 6 summarizes the key features
of selected vaccine candidates that, with the exception of NVX-
CoV2373, have been conditionally approved by at least one
country. Interestingly, the vaccine platforms for these vaccines
include only mRNA, nonreplicating viral vector, inactivated,
and protein subunit. All these need to be administered via
intramuscular injections. Whereas most listed vaccines require
two doses, the viral vector-based vaccines developed by Johnson
& Johnson and CanSino Biologics need only one dose. Although
mRNA vaccines were the first kind to be conditionally approved,
their stringent temperature storage condition limits the deploy-
ment of these vaccines in rural or undeveloped areas. All other
types of vaccines have relatively permissive temperature require-
ments, which allow them an easier deployment process in less
developed areas.

4. ADJUVANTS, mRNA SEQUENCE MODIFICATIONS,
FORMULATIONS, AND DELIVERY SYSTEMS

4.1. Commonly Used Adjuvants. Adjuvants contribute
to the prophylactic and therapeutic efficacy of vaccines by
decreasing the amount of antigen required to elicit a durable
immune response, eliciting an inflammatory cytokine and
chemokine milieu, and polarizing the helper T-cell response
along type 1 vs type 2 differentiation pathways. They are
mostly used for protein subunit vaccines. The mechanisms by
which these occur are not yet elaborated but are generally
recognized to involve a promotion of antigen uptake, an increase
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Table 7. Adjuvants Utilized in the Majority of Vaccines

adjuvant
aluminum hydroxide Alhydrogel
aluminum phosphate AdjuPhos
aluminum hydroxyphosphate sulfate N.A.
oil-in-water emulsion of squalene MF59
monophosphoryl lipid A and QS-21 saponin ASO1b
squalene/a-tocopherol/Tween 80 mixture AS03
oil-in-water emulsion of squalene AF03
mixture of saponins Matrix M
monophosphoryl lipid A + aluminum hydroxide AS04
glucopyranosyl lipid A GLA-SE
phosphorothioate oligodeoxyribonucleotide CpG 1018
inulin Advax
potassium aluminum sulfate” Alum”
imidazoquinoline derivatives” 3M-052

squalane-in-water emulsion of sucrose fatty acid sulfate ester

water-in-oil emulsion of mannide monooleate surfactant

trade or trivial name

CoVaccine HT
Montanide ISA-51

CAS Registry Number vaccine (indication)

21645-51-2 Infanrix (DTP)
Havrix (hepatitis A)
7784-30-7 Tenivac (tetanus, diphtheria)
UB-612 (COVID-19)
150828-31-2 PedvaxHIB (Haemophilus)Gardasil (HPV)
172889-84-8 Fluad (influenza)
807365-66-8 Shingrix (herpes zoster)
880261-17-6 Pandemrix (influenza)

SCB-2019 (COVID-19)
Humenza (influenza)
NVX-CoV2373 (COVID-19)

1244029-44-4
1235341-17-9

832690-19-4 Cervarix (HPV)

1246298-63-4 ID93 (tuberculosis)

937402-51-2 Heplisav-B (hepatitis B)
SCB-2019 (COVID-19)
MVC-COV1901 (COVID-19)

9005-80-5 COVAX-19 (COVID-19)

10043-67-1 N.A.

1359993-59-1 N.A. (HIV, tumor)

872176-43-7 CiVax (COVID-19)

190396-06-6 Galinpepimut-S (mesothelioma)

SurVaxM (neuroendocrine tumor)

“Collective term for aluminum salts. “Various studies have explored the use of these compounds as vaccine adjuvants, and yet no vaccine with an

identifiable lab code or trade name has been reported.

in antigen presentation, recruitment of immune cells, and stim-
ulation of the innate immune system via Toll-like receptors
that function as a warning system against microbial infection.
The adjuvants utilized in most vaccines, including COVID-19
vaccines, are shown in Table 7.

The adjuvants of Table 7 represent traditional and well-
established agents. However, many natural products (e.g., poly-
saccharides, Ot-galactos.ylceramide),67 endogenous cytokines
(e.g, interleukins, interferons, GM-CSF),”® and synthetic
compounds (e.g., saponin derivatives)® have been examined
in preclinical and experimental settings. As the molecular
pathways underlying the effects of these adjuvants have been
investigated, it has become clearer that the pattern recognition
receptor (PRR) system of the innate immune system is targeted
by many of these agents.

Pattern recognition comprises systems evolved to detect
pathogen-associated molecular patterns (PAMPs) and host
danger-associated molecular patterns (DAMPs) by way of
receptors of the inflammasome, stimulator of interferon genes
protein (STING), and Toll-like receptor (TLR) pathways. Many
of the foregoing are known to elicit immune response via Toll-
like receptors in addition to the NLR family pyrin domain-
containing protein 3 (NLRP3)-inflammasome.”””" Compounds
such as imidazoquinoline derivatives (Table 7) that elicit/
enhance immune responses via such a pathway have also been
explored as potential vaccine adjuvants.

The global market for vaccine adjuvants was $300—400 M in
2016, and by some estimates will approach $1B by 2027.”>7
Therefore, it is not surprising that many pharmaceutical firms
and research institutions are invested in this area. In particular,
agonists of Toll-like receptors 3, 4, 7, and 8 have received
considerable attention,”*”® and a recent publication from
Tsinghua University demonstrated that a cyclic nucleotide
agonist of STING could enhance the IgG and T-cell responses
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to SARS-CoV-2 spike protein over that achieved using alumi-

num hydroxide as an adjuvant.”®

4.2. Modifications of IVT mRNA Sequences to
Enhance the Functionality of mRNA Vaccines. Many
strategies have been introduced to optimize mRNA sequences
to increase their stability and translational efficiency and to
minimize intrinsic immunogenicity. Like mammalian mRNA,
mRNA vaccines produced by in vitro transcription (IVT)
contain an open reading frame (ORF) flanked by 5’ and 3’
untranslated regions (UTRs), a $'-cap, and a 3’ polyadenyla-
tion (poly(A)) tail, as shown in Figure S. The cap, poly (A)
tail, and UTRs are crucial for ribosome-mediated translation
and stability of mRNA.

Efficient translation of mammalian mRNA requires a
functional 5'-cap structure in the form of a 7-methylguanosine
joined to the first nucleotide of mRNA via a 5'=5’ triphos-
phate linkage. The process of 5" capping is crucial for initiation
of mRNA translation.”””® Indeed, mRNA cap analogues have
been explored and developed to increase the stability and
translational efficiency of mRNA vaccines. In addition, without
a cap, the IVT mRNA would be recognized as foreign RNA by
the host immune system through a mechanism mediated by
Toll-like receptors 7/8.”° Capping of IVT mRNA would
prevent its recognition by the host immune system and reduce
immunogenicity caused by mRNA molecule itself.””*’

The elongated poly (A) tail at the 3’ end is important for the
stability and subsequent translation of mRNA.*" Incorporation
of UTR sequences enhances mRNA half-life and translation
efficiency.”> For example, incorporating a human p-globin
UTR to both 5’- and 3'-UTR of the mRNA has been shown to
enhance the stability and translational efficiency,” whereas
insertion of an a-globin UTR to the 3'-UTR region increased
the mRNA stability.”* Both 3'- and 5'-UTR regions can also
inhibit decapping and degradation of mRNA.™** As such,
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Figure S. Schematic illustration of an mRNA molecule with the structural elements.
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Figure 6. Chemical structures of uridine, pseudouridine, and N1-methyl-pseudouridine.

sequence modifications in both §'- and 3’-UTRs have been
explored to enhance the mRNA vaccine functionality.”

In addition, unmodified IVT mRNA sequences can stimulate
Toll-like receptors (TLRs) and activate the innate immune
system.”® To reduce immunogenicity of the IVT mRNA, a
variety of modified nucleotides have been introduced into the
ORE region.*>"’ For instance, designed incorporation of pseu-
douridine () (Figure 6) has been shown to reduce immuno-
genicity and improve translation.”® Additionally, mRNA con-
taining N1-methyl-pseudouridine (mly) (Figure 6) exhibited
an increase in translational efficiency.”” Recent studies have
shown that this increase is related to N1-methyl-pseudouridine
induced enhancement of ribosome recycling to the same
mRNA.”

Aside from the nucleotide modifications, optimizing the
codons with GC-rich sequences may also reduce mRNA immu-
nogenicity.”’ In an erythropoietin production model without
chemical modification, the ORF of mRNA was engineered by
adapting GC-rich codons used for each amino acid. The result
showed GC-enriched mRNA may achieve meaningful biological
effects without causing inappropriate immunostimulation.”!

4.3. Nanoparticle-Based Delivery Vehicles for COVID-
19 Vaccines. Recent progress in nanotechnology has signifi-
cantly advanced the development of novel vaccine delivery
systems and adjuvants. A major challenge in successfully
achieving the full potential of mRNA vaccines and therapeutics
is ensuring their efficient delivery. The physicochemical features
of nucleic acids, such as negative charge and hydrophilicity,
impede passive diffusion across the plasma membrane. Addi-
tionally, a series of barriers, such as association with serum
proteins, uptake by phagocytes, and degradation by endoge-
nous nucleases, obstruct efficient delivery of nucleic acids.
Thus, they require a delivery vehicle for efficient cellular
uptake and degradation protection.

Both the Pfizer/BioNTech and Moderna mRNA vaccines
are formulated with lipid nanoparticles as the delivery vehicle
for the mRNA, with formulations including ionizable cationic
lipid. Lipid nanoparticles comprising synthetic cationic lipids,
which form nanoscale complexes with polyanionic nucleic
acids, are presently the most widely used nonviral nucleic acid
carriers. Draped by positively charged lipids, the mRNA is
more stable and resilient to RNase degradation and forms self-
assembled nanoparticles (Figure 7). Once endocytosed, the
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lipid nanoparticles escape the endosomes and deliver their
cargo in the cytosol, where the mRNA is translated into anti-
genic proteins, prompting the immune system to produce
antibodies. Thus, the basic steps of the nucleic acid delivery
include (i) adsorption and endocytosis of lipid nanoparticles
inside the cell, followed by (ii) release of the nucleic acid. The
lipid nanoparticles’ adsorption and fusion with the cell mem-
brane is electrostatically promoted since the biomembranes
commonly bear a negative charge. The unbinding of the nucleic
acid from a cationic lipid carrier when the nanoparticles get
inside the cell has been identified as one of the key steps in the
nucleic acid delivery. It is supposedly a result of charge neutral-
ization by the cellular anionic lipids, which triggers unbinding
of nucleic acid from nanoparticle carriers in two distinct ways:
by neutralizing cationic lipid charge, thus eliminating the
nucleic acid—lipid electrostatic attraction and by disruption of
the nanoparticle architecture and formation of nonlamellar
structures. It has been suggested that the delivery efficacy of
the cationic lipids correlates with their ability to modulate the
phase behavior of the biomembrane lipids, specifically to
induce formation of nonlamellar lipid phases.””””

The compositions of the lipid nanoparticles of the Pfizer/
BioNTech and Moderna mRNA vaccines are similar: ionizable
cationic lipid, PEGylated lipid, cholesterol, and the phospho-
lipid distearoylphosphatidylcholine (DSPC) as a helper
lipid,""'*"*7% as shown in Figure 7. Cationic lipids, as men-
tioned above, are key components in the nucleic acid nonviral
drug delivery vehicles as they form complexes with the anionic
nucleic acids. PEGylated lipids confer longer systemic circu-
lation of the vehicles by reducing uptake by the macrophages
(“stealth” liposomes). Cholesterol and phosphatidylcholines
are common biomembrane components and are the most
widely used constituents of the lipid drug delivery systems.

The constituents of the lipid nanoparticle delivery vehicles of
the two approved mRNA vaccines are summarized in Table 8.
The molar ratios of the cationic lipid/PEG-lipid/cholesterol/
DSPC are (46.3:1.6:42.7:9.4) for Pfizer/BioNTech and
(50:1.5:38.5:10) for Moderna vaccines,'®' respectively. Particle
sizes between 80 and 100 nm have been reported.'”” The
number of encapsulated mRNA molecules per lipid nano-
particle is usually on the order of 100.'"

The two cationic lipids used—ALC-0315 (Pfizer/BioN-
Tech) and SM-102 (Moderna)—are proprietary for the two
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Figure 7. Suggested structures of lipid nanoparticle vaccine carriers: mRNA organized in inverse lipid micelles inside the nanoparticle”” ™ (A);

mRNA intercalated between the lipid bilayers'®® (B).

Table 8. Constituents of the Lipid Nanoparticle Vehicles of
Approved mRNA Vaccines

abbreviation
or lab code

CAS Registry

lipid name Number

. . 95
Pfizer/BioNTech vaccine'>**%°

((4-hydroxybutyl) azanediyl) bis(hexane- ~ ALC-031S 2036272-55-4
6,1-diyl) bis(2-hexyldecanoate)

2-[(polyethylene glycol)-2000]-N,N- ALC-0159 1849616-42-7
ditetradecylacetamide

1,2-distearoyl-sn-glycero-3-phosphocholine ~ DSPC 816-94-4

cholesterol 57-88-S

Moderna vaccine' %%

heptadecan-9-yl 8-((2-hydroxyethyl)(6- SM-102 2089251-47-6
ox0-6-(undecyloxy)hexyl) aminog
octanoate

1,2-dimyristoyl-rac-glycero-3- PEG2000- 1397695-86-1
methoxypolyethylene glycol 2000 DMG

1,2-distearoyl-sn-glycero-3-phosphocholine  DSPC 816-94-4

cholesterol 57-88-5

companies, respectively. The structures of Moderna propri-
etary cationic lipids optimized for mRNA delivery'**'** and
the vaccine formulations were discussed previously.'”® It is
noteworthy that the molecular structure of the cationic lipids
including branched hydrocarbon chains is appropriate for
promoting nonlamellar phase formation, which is closely
related to membrane fusion and subsequent cargo release, thus
allegedly enhancing the delivery efficacy of the lipid carrier.”

Various other nanotechnology strategies have been explored
for vaccine clesign.w7’108 In one such approach, nanoparticles
were constructed to display the receptor-binding domain
(RBD) of SARS-CoV-2 along with several (4—8) different
RBDs from animal betacoronaviruses.'” These constructs,
termed mosaic nanoparticles, were produced using SpyTag/
SpyCatcher technology for conjugation of recombinant
proteins.''* This technology employs a 13-amino-acid peptide
SpyTag that spontaneously reacts with an engineered protein
domain called SpyCatcher (12.3 kDa) to form an intermolecular
peptide bond. This system was used to prepare multimeric
SARS-CoV-2 RBD nanoparticles that elicited high titers of
neutralizing antibodies.'*”"" ' 1*

Another kind of nanoparticle vaccine was produced using
self-assembling ferritin nanoparticles to display SARS-CoV-2
S protein or its subunits.'"”''* This type of vaccine may
prompt robust neutralizing antibodies and cellular immune
responses in animal models. Therefore, these nanoparticles are
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considered a promising vaccination approach against SARS-
CoV-2 and other coronaviruses.

5. COVID-19 VACCINE-RELATED PUBLICATION
TREND ANALYSIS

A significant amount of research has been conducted with
regard to the development of COVID-19 vaccines. To gain a
better insight into the ongoing research in this area, we per-
formed a series of analyses based on journal articles and patents
in the CAS content collection.

5.1. Overall Journal Publications by Country and
Organization. An analysis of the CAS content collection,
as of the end of February 2021, was performed in order to
assess COVID-19 vaccine-related research with regard to coun-
tries and organizations. Over 4000 published journal articles
related to COVID-19 vaccine development were identified.
The United States, China, the UK, India, and Italy are the top
five countries, accounting for over 50% of the total publi-
cations. Figure 8 depicts the relative number of COVID-19
vaccine-related papers (articles per thousand) classified by
country (A) and organization (B). The University of California,
University of Oxford, and the National Institutes of Health
(USA) have published the highest number of documents on
COVID-19 vaccine-related research (Figure 8B).

5.2. Distribution of COVID-19-Related Journal
Articles in Different Vaccine Research Areas, Including
Vaccine Platforms. These identified documents were further
analyzed with respect to their scientific focus to assess how
research efforts were distributed. As shown in Figure 9, about
15% of the published journal articles have been devoted to
exploration of various vaccine platforms. There have also been
significant efforts exploring the parameters of immunity/
efficacy and epitope/mutations. Adjuvants/formulations, safety,
and animal models are also important areas of investigation.
In addition, researchers have noticed correlations between
COVID-19 severity/morbidity and the status of previous
vaccinations. Cross-protection by other vaccines has been
explored in a sizable number of published documents. After the
first vaccines were approved and the vaccination process began,
a considerable portion of the articles (~18%) addressed vacci-
nation policies, including the vaccine administration program
and strategy, and its social and psychological perspectives.
Because an individual document may have more than one
covered scientific focus, the sum of percentage values is greater
than 100%.
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15 University of California
93 China 14 University of Oxford
78 UK 12 National Institutes of Health (USA)
73 India 11 Harvard University
52 Italy 9 University of Texas System
24 Canada 8 Johns Hopkins University
19 Germany 7 University of Washington
17 Australia 6 Chinese Academy of Sciences
15 France 6 University of Pennsylvania
13 Iran 5 University of Melbourne
12 Spain 5 Baylor College of Medicine
11 Switzerland 5 Chinese Academy of Medical Sciences
11 Netherlands 5 University of Michigan
10 Israel 5 Fred Hutchinson Cancer Research Center
10 Brazil 5 Icahn School of Medicine at Mount Sinai
8 Turkey 5 Emory University
8 Saudi Arabia 4 New York University
8 South Korea 4 Stanford University
7 Bangladesh 4 Indian Institute of Technology
7 Japan q The Scripps Research Institute

Figure 8. COVID-19 vaccine-related journal article publications
classified according to country (A) and organization (B); values are
presented as number per thousand (%o). The increase in color
intensity reflects the increase in the number of publications.

Those documents related to vaccine platforms were further
analyzed to reveal the percentage of publications associated
with each platform (Figure 10). Publications about the protein
subunit vaccine platform account for the largest number of
articles. Documents related to mRNA vaccines represent the
second largest group, followed in decreasing order by those
about viral vector vaccines, inactivated vaccines, DNA vaccines,
and VLP vaccines.

At the beginning of the pandemic, researchers noticed
correlations between COVID-19 severity and morbidity and
the status of previous vaccinations. As Figure 9 shows, there is
a significant number of publications regarding vaccine cross-
protection. According to a Mayo Clinic research study, various
vaccines, from influenza to measles, etc., appear to provide
partial protection against COVID-19.""° The exact mecha-
nisms underlying the beneficial off-target effects of the vaccines
are not well understood, but it is believed that vaccines induce

metabolic and epigenetic changes that enhance the innate
immune response to infections, a process termed trained
immunity.11 7

Those documents related to COVID-19 cross-protection by
other vaccines, as shown in Figure 9, were further analyzed to
illustrate the distribution of publications per existing vaccines
(Figure 11). Bacillus Calmette—Guérin (BCG) is a live-attenuated
vaccine against tuberculosis. Epidemiological analyses have
suggested a negative association between national BCG
vaccination programs and the prevalence and mortality of
COVID-19 disease."'*~"*° Analysis of the CAS content collec-
tion identified 212 documents indicating a possible epidemio-
logical correlation. More than half of these documents suggest
that routine BCG immunization programs correlate with lower
case fatality rates for COVID-19, while 36 documents assert
there is no such correlation. It is noteworthy that virtually all
documents, even those advocating the ability of BCG to confer
protection against COVID-19, emphasize that convincing
proof from extensive preclinical and clinical studies is required.
Influenza and pneumococcal vaccines may have a beneficial
effect in minimizing the severity of COVID-19."*'""** It has
been suggested that influenza vaccination could act as a
nonspecific immunity stimulator in patients with COVID-19
leading to early activation of the immune system to attack
SARS-CoV-2 before it invades cells. Here again, more than half
of the documents discussing the relation of influenza vaccine
and COVID-19 disease severity ascertain a positive effect.
Further studies are needed to advance our understanding of
the role of influenza vaccines in controlling the course of
SARS-CoV-2 infection. Evidence indicates that countries with
recent vaccination campaigns against MMR (measles, mumps,
rubella) have fewer COVID-19 deaths.'”> Sequence homology
has been identified between the SARS-CoV-2 S glycoprotein
and both the measles virus fusion (F1) glycoprotein and the
rubella virus envelope (E1) glycoprotein, suggesting that the
MMR vaccine may mitigate COVID-19 spread and severity.'*>'*°

Although several COVID-19 vaccines have already been
approved, the accumulated evidence suggests that vaccines can
have cross-protective effects on unrelated infections and
diseases as additional routes to prevent and reduce the spread
of diseases in the future. This could also buy time for targeted
vaccines or effective therapies to be developed or identified.
In addition, exploring the mechanism of cross-protection may
provide valuable information on the molecular bases of diseases.

Vaccine platform
Immunity fefficacy
Epitope/mutation

Adjuvant/formulation
Safety

Animal model
Cross-protection
Review

Palicy
1

0% 5%

10% 15% 20%

Figure 9. Distribution of COVID-19 vaccine-related journal publications in different research areas.
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Figure 10. Distribution of COVID-19-related journal publications among vaccine platforms.

Tetanus, Diphtheria,
Bordetella pertussis, 9

Pneumococcal, 14

MMR, 33

Figure 11. COVID-19 cross-protection by other vaccines. Numbers
of documents are next to the vaccine names. In the inset pie-charts for
BCG, influenza, and MMR, “Yes” indicates documents suggesting
cross-protection, “No” indicates documents suggesting there is no
cross-protection; “?” indicates documents which are inconclusive.
“Other vaccines” include encephalitis, hepatitis, Newcastle disease,
rotavirus, polio, and other routine childhood vaccines.

5.3. SARS-CoV-2 Mutations and Vaccine Effective-
ness. Previous studies have shown that RNA viruses, especially
those responsible for respiratory diseases, pose a significant
threat to global health.'”” The spread of these RNA viruses
among the population may select for mutations that change
these viruses’ pathogenesis, virulence, and transmissibility, or a
combination of these.'*® As Figure 9 shows, there are a signif-
icant number of publications regarding SARS-CoV-2 muta-
tions in the context of vaccine development. It is not surprising
to see that this virus, after over a year circulating in the global
population, has accumulated mutations that have produced
several variants with stronger transmissibility and possibly
altered S protein antigen. Most of the leading COVID-19
vaccines, including those from Moderna, Pfizer/BioNTech,
Johnson & Johnson, and Novavax, were developed based
on the genetic sequence of the prototype S protein published
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in January 2020, with minimal amino acid substitutions for
conformation stabilization and establishing protease resist-
ance 3357:5860,106,129-136

Studies have shown that the variant that emerged in early
2020 with the D614G mutation was recognizable by the antibodies
elicited by mRNA-1273 vaccine developed by Moderna.'*
In addition, three recently emerged variants (B.1.1.7, B.1.351,
and P.1) associated with D614G mutation have raised concerns
about the effectiveness of certain approved COVID-19 vaccines.
The B.1.1.7 variant, also known as 501Y.V1 with key mutations
of N501Y, AS70D, D614G, and P681H, emerged in September
2020 in southeast England. Because of its enhanced trans-
missibility and possibly higher virulence, this variant quickly
dominated the UK and has spread to more than 50 coun-
tries.>’~"** Although this new variant has accumulated several
mutations on the S protein, including the most significant
NS01Y mutation, recent studies demonstrated that sera
obtained from individuals vaccinated with mRNA-1273 or
BNT162b2 showed similar neutralizing activities a§ainst
B.1.1.7 variant when compared to the wild type form."*

The B.1.351 variant, also known as 501Y.V2, with key
mutations of K417N, E484K, N501Y, and D614G, emerged in
late 2020 in South Africa, and since then has become the
dominant variant locally.'"*> A recent study showed that the
two leading mRNA vaccines (mRNA-1273 and BNT162b2)
may not have comparable effectiveness to this variant as com-
pared to the wild type form."*" Further studies showed that the
E484K mutation acquired by this variant on the receptor
binding domain (RBD) of the S protein may be the major con-
tributor of the antigenic change leading to the loss of neu-
tralizing activity of the current leading vaccines.'*'

Another variant, known as P.1 or 501Y.V3, with key
mutations of K417N/T, E484K, N501Y, and D614G, is rapidly
emerging in Brazil and contains the similar key mutations to
the B.1.351 variant."**'* It is anticipated that this variant may
escape the protective effects of the leading mRNA vaccines like
the B.1.351 variant.'*" Interestingly, recent studies done in
South Africa suggested that the antibody response in patients
infected with B.1.135 variant has a broad specificity and that
vaccines designed with this variant sequence may elicit more
cross-reactive responses.’

To cope with the mutations accumulated on the S protein,
several leading vaccine developers are already in the process of
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Figure 12. Structure of the chemically modified cyclic dinucleotide adjuvant from patent application CN111956797A. Guanine nucleobase is

shown in the boxes.

adjusting their vaccine sequences accordingly. In this regard,
vaccines such as the mRNA vaccines that are based on viral
antigen sequences and produced in a cell-free environment can
be readily adjusted to generate new vaccines against new
variants within a short period of time.'*> Regardless, viral
mutations need to be vigilantly monitored and vaccine antigens
adjusted accordingly in order to sustain high efficacy of any
newly developed COVID-19 vaccine.

5.4. Most Notable Journal Publications Related to
COVID-19 Vaccines. Among the over 4000 COVID-19
vaccine-related journal publications in the CAS content
collection, 20 articles were selected to highlight notable infor-
mation regarding the vaccine platform, design, and formula-
tion, as well as vaccine safety and efficacy (Table 9). The journal
impact factor, number of citations, and/or online access/
downloads were also important considerations.

5.5. Analysis of Patents Related to COVID-19 Vaccine
Development. This study also examined 114 COVID-19
vaccine-related patents in the CAS content collection as of
the end of February 2021. Most of these patents (92) were
filed by organizations in China and only filed to the Chinese
Patent Office. There were 10 and 6 patents from organizations
in Russia and the United States, respectively. The rest include
India (3), Singapore (1), South Korea (1), and Estonia (1).
CAS curates patent applications after they are published by patent
offices. We anticipate that more patents in this area will be
available in the future. Highlighted below are four intriguing
patents.

Patent application WO2020198337">” by Dong et al. at The
Ohio State University discloses several COVID-19 mRNA
candidate vaccines engineered to enhance the expression of
antigenic proteins derived from these mRNA molecules. These
mRNA vaccine candidates are comprised of the following four
components: (1) an RPS27A S’ untranslated region (5’-UTR)
sequence; (2) a heterologous nucleic acid sequence encoding
either the full length of SARS-CoV-2 spike protein, or the
receptor-binding domain (RBD), or the envelope protein, or
the membrane protein, or the nucleocapsid protein; (3) RPS27
3’ untranslated region (3'-UTR) sequence; and (4) a poly(A)
tail. Pseudouridine was used to replace uridine triphosphate
(UTP) in the in vitro transcription.

Patent application CN111218459A"'% by Chen et al. at the
Chinese Military Medical Research Institute discloses a simple
and fast method for preparing a nonreplicating viral vaccine
using human adenovirus (AdS) as a vector carrying the gene
encoding the optimized SARS-CoV-2 S protein. Testing in
mouse and guinea pig models shows quick induction of both
antibody and cellular immune response and good protection
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against lung invasion by the SARS-CoV-2 virus. It is claimed that
this method can be easily adapted to large-scale production.

Patent application CN111603556A'°" by Liu et al. at Sun
Yat-Sen University of China discloses the preparation,
formulation, and application of a protein subunit vaccine
comprising the S1 subunit of the SARS-CoV-2 spike protein,
monophosphoryl lipid A, CpG oligonucleotide, a cationic lipid,
and an auxiliary lipid to generate vaccines as nanoparticles. As
compared with antigen mixed with monophosphoryl lipid A
and/or CpG oligonucleotide as adjuvants, or antigen mixed
with aluminum adjuvant, this nanoformulation of vaccine
exhibited a stronger ability to elicit both humoral and cellular
immune responses in animal studies.

Patent application CN111956797A"'%* by Li et al. at Tsinghua
University developed a new vaccine adjuvant that is a chemically
modified cyclic dinucleotide. The structure of a representative
compound is shown in Figure 12, in which the guanine
nucleobase is in the shaded areas. According to the patent, this
adjuvant is able to enhance the immunogenicity of various
types of SARS-CoV-2 vaccines in terms of both antibody pro-
duction and T-cell generation and may be superior to alumi-
num adjuvants.

6. PERSPECTIVES

Using WHO’s data and CAS-curated data, this report provides
a comprehensive review of research and development of
COVID-19 vaccines. In particular, it describes the landscape of
this ongoing effort and offers comparisons among different
vaccine platforms and leading vaccines, as defined by their
status in clinical trials.

The devastating impact of COVID-19 has catalyzed
unprecedented development of vaccines and vaccine tech-
nologies in the fight against this pandemic. Within one year of
the outbreak of this disease, many COVID-19 vaccine initia-
tives are underway worldwide, and more than 70 vaccines have
proceeded into clinical trials. A few of these have obtained
conditional approval, and more hold the promise to gain such
approval in 2021. Whereas many vaccines under development
use traditional approaches, several innovative technologies,
such as mRNA vaccines and nonreplicating adenovirus
vaccines, have quickly risen to a prominent position by leading
the race for mass production and distribution and securing
conditional approvals. Such achievements can be attributed
collectively to decades of pioneering research, timely sharing of
the critical information about the virus genome, heightened
collaboration among various research entities including
universities and pharmaceutical/biotech companies, increased
governmental support, and most importantly, the tireless
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efforts of vaccine scientists who have worked around the clock
for the past year.

Despite such remarkable progress in COVID-19 vaccine
development, many issues remain to be addressed.'®> Although
clinical trial data have shown that the COVID-19 vaccines
approved so far are able to elicit immunity with a high degree
of efficacy, it is not yet known how durable the immunity will
be. A recently published study examining multiple components
of adaptive immunity in COVID-19 infection cases indicated
that SARS-CoV-2 immunity may last at least 8 months following
symptom onset.”>” On the other hand, a modeling study predicts
decay of neutralization titer over the first 250 days after immu-
nization with seven conditionally approved vaccines, although
protection from severe disease may be retained.'* More
longitudinal studies of immune responses following vaccination
will be needed to provide a more definitive answer.'®® Since
deployment, COVID-19 vaccines have demonstrated protection
in vaccinated individuals against the development of COVID-19.
Recently released data strongly suggest that certain vaccines
can also prevent asymptomatic infection in most cases.'*°

Finally, mutations of SARS-CoV-2 S protein have been
reported, and some variants that bear these mutations may be
more infectious or resistant to neutralizing antibodies.' #1971
Thus, how mutations and the resultant variants would affect
the effectiveness of vaccines is a critical issue. Studies address-
ing this issue have been reported. For example, clinical studies
of Johnson & Johnson’s JNJ-7843673S vaccine showed an
efficacy of 57% in South Africa where most of the COVID-19
cases were caused by the B.1.351 variant.’”” The Novavax
vaccine NVX-CoV2373 appeared to have an overall efficacy of
48.6% against key variants, of which the B.1.351 variant was
the predominant form.** In addition, a recently published paper
reported that the AstraZeneca/Oxford University ADZ1222
vaccine exhibited only 10.4% efficacy against the B.1.351
variant.'®” It is encouraging to know that both Moderna and
Pfizer/BioNTech have developed variant B.1.351-specific
vaccines which will be tested in clinical trials as booster
shots of their variant-specific vaccines.'” """

It is also encouraging that the COVID-19 vaccine pipeline
currently features many platforms. Despite high efficacy and
relative ease in mass production of mRNA vaccines, the two
leading mRNA vaccines still need to be stored and transported
at stringent temperatures. This requirement may prevent
effective distribution of such vaccines to less developed areas
where specialized freezers may not be readily available. Thus,
vaccines based on other types of platforms that do not need
such stringent storage and transportation conditions are still
very much needed. Also, most of the leading vaccines require a
booster shot, and therefore effective administration procedures
need to be in place to ensure that correct booster shot schedules
are followed for widespread vaccination to be accomplished.
Vaccines that can elicit durable immunity with a single dose
may offer logistical advantages and be more easily adopted in
some parts of the world.

In conclusion, although there are still many challenges and
unanswered questions, the remarkable breakthroughs in COVID-19
vaccine development have offered the world hope that this
pandemic can be defeated in the foreseeable future.
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