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B ABSTRACT

An effective vaccine is considered the best method to
achieve herd immunity. As of February 2021, 12 vac-
cines were in late-stage clinical trials worldwide, with
many more in development. Of those, 8 have received
emergency use authorization from at least one country’s
governing body. These vaccines use various platforms to
deliver the vaccines, each with pros and cons. Published
data show these vaccines are effective in preventing the
severe symptoms associated with COVID-19 in adults with
few side effects, but challenges remain with storage and
delivery and treating virus variants.

I INTRODUCTION
The COVID-19 pandemic has claimed more than

100 million cases worldwide as of January 2021 with-
out signs of abating. With limited effective therapeu-
tic options and the ever-increasing economic burden,
large-scale vaccination is the most promising strategy
to dampen the impact of COVID-19. However, expe-
dited development and distribution of an efficacious
and safe vaccine has posed unprecedented challenges
for scientists and manufacturers.

I 1S VACCINATION THE ANSWER
TO HERD IMMUNITY?

The goal for vaccination against infectious diseases
is to achieve community or herd immunity. When
enough individuals in a community are immune, the
chain of transmission is interrupted, conferring indi-
rect protection on those who do not possess immu-
nity. The proportion of immune individuals needed in
each community to achieve this indirect immunity to
others is called the “herd immunity threshold.” The
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threshold varies by characteristics of the population,
the contagiousness of the disease, and inherent prop-
erties of the infectious agent as well as the strength
and duration of the exposure.

For SARS-CoV-2, which causes COVID-19, the
basic reproduction number (R)) is estimated to be
between 2 and 3; thus, the herd immunity threshold
is between 50% and 70%,! although this may vary
significantly in different environments and popula-
tions.? As of October 2020, less than 10% of the US
population had a positive test for antibodies (serop-
revalence) to SARS-CoV-2.? It seems clear that wide-
spread vaccination is the safest and most efficient way
to achieve herd immunity.

I HOW FAST CAN WE GET THERE?

As of February 2021, there were 73 vaccines with
various platforms in clinical trials worldwide.*> The
advantages and drawbacks of vaccine platforms are
summarized in Table 1.

Under Operation Warp Speed, a US government
initiative, the otherwise lengthy Food and Drug
Administration (FDA) approval process of vaccine
development and deployment that usually spans
several years has been substantially compressed with
a goal to deliver effective vaccines by early to mid-
2021 without compromising safety or quality.® The
initiative planned to achieve this by funding the most
promising vaccine candidates based on prespecified
criteria and supporting diverse vaccine platforms with
potential for rapid development and manufacturing.
It also facilitated enrollment into large-scale phase 3
trials and minimized financial risks for manufacturers.
These measures allowed the most promising candidate
vaccines to be manufactured in parallel with vaccine
development while also establishing plans for vaccine
deployment. As for February 2021, 5 of the 6 vaccine
candidates under the program had reported interim
phase 3 trial data analyses, with promising results.
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TABLE 1

Available vaccine platforms

Whole inactivated
(killed) virus

Live attenuated
virus

Protein subunits

Viral-like protein

DNA

mRNA

Viral vectors

Pros

Cons

Approved vaccines in use

Easily manufactured
Strong immune response
Mature technique

Possible Th2 bias

Requires large quantities of virus
Risk of vaccine-enhanced disease
Requires booster shots

Influenza, rabies, hepatitis A,
injectable polio

Entire viral repertoire
Very strong cytotoxic response
Mature technique

Risk of reversion/recombination

Risk of infection in immunocompro-
mised patients

Requires cold chain distribution

Measles, rubella, mumps, yellow fever

Simple to produce
Safe, few side effects

Less immunogenic
Requires adjuvants
Slower manufacture

Influenza A strains, hepatitis B,
acellular pertussis

Safe and stable
Immunogenicity

Enveloped VLP more challenging to
produce

HPV, preclinical SARS-CoV-1

Rapid development
Noninfectious
Thermostable

Potential integration to host genome
Less Immunogenicity

Delivery challenging; requires cold
chain distribution

Not currently licensed

Rapid development
Noninfectious, non-integrating

Instability
Low immunogenicity

Delivery challenging; requires cold
chain distribution

SARS-CoV-2: EUA from FDA
(Pfizer, Moderna)

Safe
Durable response

Pre-existing immunity against vector

Ebola. SARS-CoV-2: EUA from FDA
(Johnson & Johnson)

EUA = emergency use authorization; FDA = Food and Drug Administration; HPV = human papilloma virus; mRNA = messenger ribonucleic acid; SARS-CoV = severe acute respiratory

syndrome; Th2 =T helper type-2 cells; VLP = viral-like protein

I HOW IS THE EFFICACY AND SAFETY
OF THE VACCINES BEING ENSURED?

It is not known whether measurable antibody titers
effectively protect against SARS-CoV-2 infection or
how long this protection could last. Given the uncer-
tainty surrounding the protective effect of antibodies,
the FDA recommends using symptomatic infection in
addition to the confirmation of active SARS-CoV-2
infection (eg, using reverse transcriptase polymerase
chain reaction testing) as the key endpoint for study-
ing the efficacy of vaccine candidates. The efficacy
endpoint point estimate recommended by the FDA
to establish efficacy is at least 50% versus the control
group in clinical trials.” As of February 2021, safety
data in children and pregnant women were lacking,
and further investigation is urgently needed.

In addition, concern has been raised regarding a
theoretical risk of vaccine-enhanced disease similar
to that seen in animal studies of SARS-CoV and the
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Middle East Respiratory Syndrome (MERS-CoV)
wherein non-neutralizing antibodies to viral spike
protein led to increased inflammation and injury in
the liver and lung.® Thus far, no such pattern has
been identified in the preclinical and clinical studies
for SARS-CoV-2. However, it is crucial to monitor
study participants beyond the trials as well as vaccine
recipients outside the trials to gather long-term safety
data.

The US Department of Health and Human Ser-
vices has established robust follow-up procedures for
gathering that data. It includes passive surveillance
through its Vaccine Adverse Event Reporting System
(VAERS) program that relies on the public or manu-
facturers to report any adverse effects. Active surveil-
lance of vaccine safety is provided by Vaccine Safety
Datalink, a collaborative network that uses electronic
health record data from several sites to monitor vac-
cine safety in near real-time. In addition, the V-safe
smartphone-based app uses text messages to conduct
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frequent health check-ups on vaccine recipients who
have registered for the program.

I CAN A VACCINE BE USED BEFORE BEING
APPROVED FOR USE?

Under its Emergency Use Authorization (EUA) pro-
gram, the FDA can facilitate the use of medical prod-
ucts that have not been granted formal approval by
temporarily allowing their use during a public health
emergency. The EUA process is conducted without
sacrificing scientific standards of integrity or safety.
For the COVID-19 vaccines, the EUA designation is
based on a thorough review of the efficacy and safety
data by both the FDA Vaccines and Related Biologi-
cal Products Advisory Committee and the Centers
for Disease Control (CDC) Advisory Committee on
Immunization Practices, which independently pub-
lish separate recommendations. As of February 2021,
3 vaccine candidates (BioNTech-Pfizer, Johnson &
Johnson-Janssen, and Moderna) had been granted
EUA. Several vaccine candidates have been autho-
rized for emergency use in other countries (Table 2);
however, most phase 3 trials results have not been
released.

It should be reiterated that obtaining EUA does
not equate to an FDA approval, which requires exam-
ination of broader data. Therefore, vaccine use under
an EUA should be accompanied by informed consent
from each individual that the known and potential
benefits of the vaccine are likely to outweigh the
known and potential risks, and that the EUA is based
on limited data that may change in the future.

Il TYPES OF VACCINES AND WHY IT MATTERS

The basic concept of vaccination is to induce immune
responses, driven predominantly by the production of
neutralizing antibodies against specific viral antigen.’
The spike (S) protein, a structural protein found in
the membrane of SARS-CoV-2 and essential for its
binding and entry into human cells, has been identi-
fied as the common antigenic target for vaccine can-
didates based on primate studies and experience with
other coronaviruses.

Several vaccine platforms are being tested, but this
review will focus on those used by the 6 Operation
Warp Speed-sponsored vaccines being developed.

Il MODIFIED RNA PLATFORM

Both the BioNTech-Pfizer and Moderna vaccinations

use the messenger RNA (mRNA) platform wherein
the single-stranded RNA encoding for the SARS-

CoV-2 S protein is wrapped in lipid nanoparticle for-
mulations to ensure its delivery to the cells without
RNA degradation in the circulation. This piece of
mRNA, by itself, is incapable of causing disease and is
degraded within the cell without entering the nucleus
and thus, does not interact with human DNA. To
increase the immunogenicity, the genetic sequence
is modified, so that the resultant protein is locked
in its prefusion conformation (the shape it naturally
takes just before the virus fuses with the human cell
membrane).

BioNTech-Pfizer BNT162b2

This vaccine received FDA EUA on December 11,
2020, based on preliminary data from an ongoing
multinational, randomized, observer-blinded phase
3 trial.'® The World Health Organization (WHO)
assigned it emergency use listing on December 31,
2020." Investigators compared the safety and efficacy
of 2 doses of 30 ug vaccine versus a saline placebo
administered 21 days apart in a 1:1 ratio. This study
enrolled 43,548 participants aged 16 years and older
with a median follow-up of 2 months. Results showed
the 2-dose vaccine regimen confers 95% protection
against symptomatic COVID-19 infection.

Moderna-National Institute of Allergy and Infec-
tious Disease (NIAID) mRNA-1273

This vaccine received EUA on December 18, 2020,
based on results from a phase 3 trial using a 1:1 ran-
domized, placebo-controlled design that compared
2 doses of 100 pg delivered 28 days apart in partici-
pants aged 18 years and older.!? An interim analysis
in 27,817 patients showed an estimated overall pri-
mary efficacy (prevention of symptomatic COVID-
19 starting 14 days after second dose) of 94.1% and
secondary efficacy (prevention of severe COVID-19
starting 14 days after second dose) of 100%.

Study populations

Both studies had a robust representation of high-risk
groups: older individuals, those with cardiovascular
diseases, chronic pulmonary diseases, diabetes, obe-
sity, and those from racial minorities. The interim
subgroup analyses did not show any efficacy difference
within these groups. However, both studies excluded
pregnant patients and those with a known history
of COVID-19, anaphylaxis, or prior severe adverse
reactions to vaccines as well as immunosuppressed or
immunodeficient individuals.

Adverse reactions
Mild-to-moderate adverse reactions such as injection
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TABLE 2

Vaccine candidates in phase 3 or higher clinical trials

Developer Regulatory
(Vaccine name) Platform Vaccine type Doses Efficacy status Clinical stage
United States
BioNTech-Pfizer RNA Messenger RNA 2 (0, 21 days) 95% EUA in the US, EU, 3
(BNT162b2) expressing spike other countries.
protein WHO EUL
Moderna-NIAID RNA LNP encapsulated 2 (0, 28 days) 94.1% EUA in the US, 3
(mRNA-1273) mNRA EU, UK, other
countries
University of Viral vector ChAdOxnCoV-19  1-2 (0, 28 days) 66.7% Emergency use 3
Oxford (non-replicating in UK, EU, other
AstraZeneca adenovirus) countries. WHO
(AZD1222) EUL
Johnson & Viral vector Ad26C0OVS1 1-2 (0, 56 days) 57%—72% EUA in the US 3
Johnson-Janssen (non-replicating
(JNJ-78436735) adenovirus)
Novavax Protein subunit  Spike protein plus 2 (0, 21 days) 49.4%-89.3% EUA submission 3
(NVX-CoV2373) Matrix-M planned for early
2021
Sanofi-GSK Protein subunit Spike protein 2 (0, 21 days) Not available Started a phase 2 112
(baculovirus trial in February
production) 2021
Other countries
CanSino China Viral vector Ad5 nCoV (non- 1 Not available Limited use in 3
(Convidecia) replicating AdV5 China
China expressing spike
protein)
Sinopharm- Inactivated Inactivated virus 2 (0, 21 days) 79.3%-85% Approved in 3
Beijing China, UAE, Bah-
(BBIBP-CorV) rain; emergency
China use in Egypt, other
countries
Sinopharm- Inactivated Inactivated virus 2 (0, 21 days) Not available Limited use in 3
Wuhan China China, UAE
Sinovac Inactivated Inactivated virus 2 (0, 14 days) 50.4%-91.3% Approved in 3
(CoronaVac) plus aluminum China; emergency
China hydroxide use in Brazil, other
countries
Gamaleya Viral vector Adenovirus 26/5 2 (0, 21 days) 91.6% Early use in 3
(Sputinik V) Russia; emer-
Russia gency use in other
countries
Bharat Biotech Inactivated Whole-virion 2 (0, 14 days) Not available Emergency use in 3
(Covaxin) India inactivated SARS- India

CoV-2 vaccine

EU = European Union; EUA = emergency use authorization; EUL = emergency use listing; GSK = GlaxoSmithKline; LPN = lipid nanoparticle-based; NIAID = National Institute for
Allergy and Infectious Disease; UAE = United Arab Emirates; UK = United Kingdom; WHO = World Health Organization
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site pain, fatigue, headache, chills, and fever were
common for both vaccines. These reactions usually
responded to antipyretic or pain medication and were
more commonly reported in younger participants.
Serious adverse events were rare for both vaccines.

Contraindications

There were no severe hypersensitivity reactions for
either vaccine in the preliminary analyses, but both
studies excluded patients with history of anaphylaxis
or severe adverse reactions to vaccines. The CDC
has reported anaphylactic reaction rates of 11.1 and
2.5 events per million doses of the BNT162b2 and
mRNA-1273 vaccines, respectively.!*'* This is cur-
rently under investigation, but it is deemed to be a
hypersensitivity reaction to polyethylene glycol used
in the adjuvant formulation that acts as a carrier for
the mRNA sequence. The CDC recommends against
using either vaccine in individuals with a history of
a severe allergic reaction to polyethylene glycol or
polysorbate (cross-reactivity).

Storage and delivery

Both vaccines require maintenance of cold chain
for shipment and storage. The BNT162b2 vaccine
requires at least -60 °C (-76 °F) for storage. Once
removed from storage, it can be refrigerated at 2 °C
to 8 °C (36 °F to 46 °F) for up to 5 days, but it needs
to be used within 6 hours after being mixed with a
diluent.’ The mRNA-1273 vaccine requires storage
between -15 °C and -25 °C (5 °F and -13 °F) and can
be kept refrigerated at 2 °C to 8 °C for up to 30 days.
It must be used within 6 hours after being removed
from the refrigerator.!’

Efficacy against virus variants

In studies using engineered viruses mimicking the B
1.1.7 and B 1.351 variants, both vaccines generated
significant, albeit reduced, titers of neutralizing anti-
bodies in vitro,'®! which implies potential efficacy
against the variants. However, this result has yet to
be replicated in clinical trials. Due to the reduced effi-
cacy, both companies are developing an extra boost-
dose vaccine against South Africa variants.

I VECTOR-BASED PLATFORM
The AstraZeneca-Oxford and Johnson & Johnson-

Janssen vaccines use a viral vector to carry the genetic
sequence of interest. Modified adenovirus (different
forms are used by both companies) is the most studied
viral vector for this purpose as it not only effectively
delivers the target gene sequences but is incapable of
replicating or causing disease. However, if the vac-

cine recipient has prior immunity against the vector,
it may be neutralized before delivering the protein-
encoding gene, thereby decreasing overall immuno-
icity.?’ Both i be shipped and d
genicity.”’ Both vaccines can be shipped and store
in regular refrigerator at temperatures of 2 °C to 8 °C.

AstraZeneca-Oxford AZD1222

This vaccine is authorized for emergency use in the
United Kingdom and many other countries; the
WHO assigned it emergency use listing on Feb-
ruary 15, 2021.%' It is administered in 2 standard
doses given 4 to 12 weeks apart. The vaccine uses
a chimpanzee-adenoviral vector (ChAdOx1) and
has been studied in several clinical trials in different
countries with different protocols. Pooled data from
phase 3 randomized controlled trials in the United
Kingdom, Brazil, and South Africa with 17,177 par-
ticipants showed the overall primary efficacy was
66.7% (74% with 2 standard doses, 57.4% with low
dose followed by standard dose).?>** Despite in vitro
evidence of lower titer neutralizing antibodies against
B.1.1.7 variants of SARS-CoV-2, the efficacy is simi-
lar to that against non-B.1.1.7 variants in preventing
symptomatic infection.* AZD1222 results in reduced
duration of shedding and viral load. AZD1222 was
also studied for single standard-dose vaccination in
a smaller population, with efficacy estimates of 76%
from day 22 to day 90 post-vaccination.”” However,
authorization is for the 2-dose regimen.

Johnson & Johnson-Janssen JNJ-78436735

An EUA for this vaccine, developed by Janssen
Pharmaceutical (a subsidiary of Johnson & John-
son), was issued on February 27, 2021.%¢ Efficacy and
safety data are from the multicontinent, randomized,
double-blinded, placebo-controlled phase 3 trial that
compared a single dose of adenovirus vector (Ad26.
COV2.S) versus placebo.?” The trial enrolled 43,783
participants. A preliminary analysis found overall
efficacy of 66% (72% in the United States, 66% in
Latin America, and 57% in South Africa) in prevent-
ing moderate to severe COVID-19 at 28 days post-
vaccination. The endpoint for this trial was different
from other vaccine trials, which analyzed symptom-
atic infection as a primary endpoint. The company
reported a higher rate of adverse events in vaccine
group but no anaphylaxis events. A separate phase
3 trial studying the efficacy of a 2-dose regimen is
ongoing.

Il PROTEIN SUBUNIT PLATFORM
Novavax and Sanofi-GlaxoSmithKline (GSK) use
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recombinant antigenic subunits similar to the SARS-
CoV-2 S protein. The protein subunit is usually
attached to a nanoparticle carrier system for delivery.
Because of low immunogenicity in protein subunit
vaccines, adjuvants are frequently required to boost
the immune response. Novavax uses Matrix-M, its
proprietary adjuvant, and Sanofi uses the GSK adju-
vant; both were previously developed specifically for
vaccination strategies. Both vaccine candidates can
be shipped and stored in regular refrigerators at tem-
peratures of 2 °C to 8 °C.

Novavax NVX-CoV2373

An EUA for this vaccine is planned to be submitted
in early 2021. The company has completed phase 2
and 3 trials in the United Kingdom and South Africa
and has an ongoing phase 3 trial in the United States
and Mexico, started in December 2020.2® The studies
are randomized, observer-blinded, placebo-controlled
trials comparing the safety and efficacy of 2 doses of
5 pg vaccine delivered 21 days apart in participants
aged 18 years and older. The UK study enrolled
14,049 patients and showed preliminary efficacy of
89.3% with more than 50% of the cases attribut-
able to the B.1.1.7 variant. In the South African
phase 2b trial, with more than 4,400 participants, a
preliminary analysis showed overall vaccine efficacy
of 49.4% with up to 93% of the cases attributed to
B.1.351 variant.

Sanofi-GSK

This recombinant vaccine candidate was seen to
have low immunogenicity among subjects aged 55
years and older in a phase 1/2 trial. The manufacturer
launched a phase 2 trial in February 2021.%

Il IS VACCINATION THE FINISH LINE?

[t is worth noting that most of the published trials
used symptomatic COVID-19 as their primary end
points except for a subset of the AstraZeneca phase
3 trial for which asymptomatic infection data were
being captured by weekly testing.”? BioNTech-Phizer
are also testing antibodies to proteins other than
spike protein in the follow-up of their trial cohorts.
Although direct evidence of decreasing transmissibil-
ity by vaccines is lacking, there is indirect evidence
from immunogenicity data suggesting that vaccine
recipients could generate durable immunity by induc-
ing protective level of neutralization antibodies up to
4 months after vaccination.’® Also, there is a small
risk of SARS-CoV-2 reinfection in individuals with
previously asymptomatic or symptomatic COVID-19
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except in those who have active symptoms, but data
on this are limited.?

Individuals with previous COVID-19 infection
can mount higher titer of antibodies after a single-
dose vaccination, which likely serves as a boost, and
the second dose may not be necessary.’! However, at
this time, the CDC has not revised the guidelines rec-
ommending the standard 2-dose regimens for patients
with prior COVID-19. There are no data regarding
how previous treatment with monoclonal antibodies
or convalescent plasma affects the efficacy of current
vaccines, but based on evidence suggesting that rein-
fection is uncommon for 90 days in patients treated
with these therapies, the CDC recommends delaying
vaccination for at least 90 days."”

While the phased vaccination programs are rolled
out, it remains important to continue being vigilant
and maintaining standard precautions such as wearing

masks and social distancing to curb the transmission
of SARS-CoV-2 until the herd immunity threshold is
achieved by vaccination.
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