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ABSTRACT

The intense international focus on the COVID-19 pandemic has provided a unique opportunity to use
a wide array of novel tools to carry out scientific studies on the SARS-CoV-2 virus. The value of these
comparative studies extends far beyond their consequences for SARS-CoV-2, providing broad implications
for health-related science. Here we specifically discuss the impacts of these comparisons on advances in
vaccines, the analysis of host humoral immunity, and antibody discovery. As an extension, we also discuss

potential synergies between these areas.

ARTICLE HISTORY
Received 24 August 2022
Revised 25 September 2022
Accepted 5 October 2022

KEYWORDS
SARS-CoV-2; vaccines;
monoclonal antibodies

Abbreviations: CoVIC: The Coronavirus Immunotherapeutic Consortium; EUA: Emergency Use

Authorization

One silver lining of the COVID-19 pandemic has been the
intense scientific focus on solving problems related to it,
which have far broader implications beyond the pandemic
itself. These problems provided a unique opportunity to
directly compare many different technologies with an intensity
far exceeding the average pace of research, with perhaps the
most striking advances exhibited in vaccine development
efforts. Since 1913, when the first vaccine was licensed (rabies),
only 103 vaccines against 32 different pathogens (including
SARS-CoV-2) have been approved for use in the US (https://
www.fda.gov/vaccines-blood-biologics/vaccines/vaccines-
licensed-use-united-states). Furthermore, for only a few patho-
gens (e.g., Herpes Zoster, Polio, Typhoid, Influenza), is more
than one type of vaccine available (e.g., attenuated virus and
recombinant protein), each reflecting years of research.
Vaccine development is typically a slow, expensive process,
requiring the production and testing of multiple candidates
over many years, with safety at a premium as vaccines are
usually administered to healthy individuals.

The advent of COVID-19 completely upended this slow
development paradigm, with the pandemic adding urgency to
spur development on a global scale. In January 2020, the
genomic sequence of the SARS-CoV-2 virus was posted on
the internet, and the race was on to develop new vaccines
starting from that sequence alone. The wealth of prior knowl-
edge on coronaviruses, particularly SARS-CoV-1, including
early genome sequencing and structural studies, allowed the
scientific community to hit the ground running. The develop-
ment of a deep understanding of the virus, its mechanisms of
infection, and neutralization rapidly accumulated in the
first year.'”'? For the first time in history, reverse vaccinology,
synthetic biology, structural virology, cryogenic electron
microscopy, vaccine adjuvants, and lipid nanoparticle technol-
ogy were combined to engineer and develop 409 vaccines (198

preclinical, 170 clinical, and 41 approved). These 409 vaccines
comprised eight different vaccine classes (protein subunit,
replicating and non-viral vectors, DNA, RNA, live and attenu-
ated virus, and virus-like particles) against this single virus
(https://www.who.int/publications/m/item/draft-landscape-of
-COVID-19-candidate-vaccines). The expertise accumulated
in years of prior research made swift development of these
vaccines possible once the genomic sequence was available.
Although the jury is still out on the long-term side effects, by
most measures, RNA vaccines have proved to be the most
successful. They were the fastest to obtain approval, garnering
Emergency Use Authorization (EUA) within a year of the
genomic sequence being available and full approval eight
months later. They were the most effective in preventing infec-
tion and symptomatic disease without an increase in short-
term side effects.”” Furthermore, RNA vaccines have been the
fastest to update for new strains, with the BA-5 version
approved within five months of its first appearance in South
Africa. Only in the reduction of mortality does another format
(viral vector) have a possible edge."

Most SARS-CoV-2 vaccines have been based on unmodified
versions of the virus, or proteins derived from it, delivered as
proteins, viral particles, DNA, or RNA. Beyond these straight-
forward virus-like immunogens, the pandemic has also stimu-
lated the development of novel nanoparticle-like fusion protein
vaccines, which elicit particularly robust immune responses by
virtue of their multimeric nature. The nanoparticle-like fusion
protein vaccines are presently delivered as proteins'® or
DNA," although there is no reason RNA could not also be
used.

The efforts invested in the fast-paced development of new
technologies to produce effective vaccines against SARS-CoV-2
will also pay future dividends by providing answers to new
therapeutic challenges. These include emerging infections,
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drug-resistant bacteria, chronic infection, and cancer, where it
may be possible to engineer RNA vaccines to encode genes and
molecules to (re)activate the immune system. If the overall
safety of RNA vaccines is unequivocally demonstrated, rapid
approval of different RNA therapeutics is likely to follow, with
the era of customized treatment for individuals targeting
patient-specific tumor antigens becoming a potential reality.

Another sphere touched by COVID-19 is that of antibodies,
the fastest growing class of therapeutics, representing nine of
the top 20 best-selling drugs,'® and a global market projected to
more than double to over $450 billion by 2028 (https://www.
fortunebusinessinsights.com/monoclonal-antibody-therapy-
market-102734). While vaccines are the best option to prevent
COVID-19, monoclonal antibodies provided the first-line
treatment during the pandemic’s early phase and are still
a valid option for certain vulnerable populations before or
after exposure to SARS-CoV-2, such as the unvaccinated or
recently vaccinated high-risk patients.'”

No other virus has had host immunity studied as intensively
as SARS-CoV-2. This scrutiny has led to the development,
validation, improvement, and high throughput screening
application of many innovative tools for COVID-19 infection
that will be invaluable in the general study of other infections
and immune responses. These include microfluidics,'®*° single
B cell antibody testing and gene cloning techniques,””*" direct
identification of antibody genes encoding neutralizing
antibodies,”>  sewage based  epidemiological  viral
detection,”>** detailed dissection of antibody reactivity using
variant yeast antigen display libraries'"**"*” and single-cell
multi-omics (single-cell transcriptome, cell-surface protein,
and lymphocyte antigen receptor repertoire) analyses.*®
Beyond understanding the immune response, some of these
techniques also focus on isolating or analyzing antibodies with
potential therapeutic value, which may offer improvements
over the use of traditional methods based on human or
mouse B cell hybridoma technology from immunized in-bred
and/or transgenic mice or infected/immunized human subjects
to obtain antibodies.***

In contrast to using immune sources, antibodies can also be
selected from vast “naive” in vitro antibody libraries, an
approach developed over 30 years ago,”’ > and for which the
Nobel Prize was awarded in 2018. These libraries comprise
billions of different human antibodies, and upon their devel-
opment in 1991, were touted as a technology that would
rapidly replace the use of animals. While significant numbers
of therapeutic antibodies are derived from such libraries, the
majority still come from immune sources since antibodies
from naive libraries generally tend to have lower affinities
and can have inferior biophysical characteristics (known in
the field as poor “developability”), complicating their advance-
ment to successful drugs.”*

Before the pandemic, it was impossible to directly compare
different antibody discovery platforms, as all were validated on
different targets by different groups using different parameters.
This situation changed when the international spotlight on
COVID-19 led to essentially every capable group isolating
antibodies against a single target: the SARS-CoV-2 spike pro-
tein. This singular focus provided a unique opportunity to
directly compare different discovery platforms for their

efficiency and speed, as well as the properties of the derived
antibodies for their affinities, neutralizing potencies, and
developability.”> The Coronavirus Immunotherapeutic
Consortium (CoVIC), established to analyze candidate anti-
body therapeutics in standardized side-by-side assays,’® com-
pared over 350 antibodies against the spike protein (from 56
groups worldwide) derived from COVID-19 survivors, naive
phage display libraries, in silico methods, and other strategies.
Although the antibodies were blinded, making it impossible to
determine the most effective way to generate antibodies against
this single target, this global study provides a benchmark
against which different antibody discovery strategies can now
be assessed. This approach was recently adopted by our group
to validate a new naive antibody library design.’

Anti-spike protein antibodies selected from this library’’
were compared to all antibodies published worldwide, includ-
ing CoVIC, in terms of affinity and viral neutralization and
found to be comparable to the very best immune SARS-CoV-2
antibodies. Furthermore, antibodies selected from this new
naive library design had developability properties equivalent
to the best-behaved clinical antibodies, reflecting the value of
using developable clinical antibodies as library scaffolds. Other
naive libraries obtained directly from healthy nonimmune
human donors have also been able to generate potent neutra-
lizing antibodies.”® This approach contrasts with identifying
convalescent patients with high serum titers and isolating anti-
body genes from their B cells using different approaches.*®
SARS-CoV-2 originated in Wuhan, China, and months passed
before convalescent patients from which antibodies could be
isolated in the US were identified. The ability to directly and
rapidly (less than four weeks) generate antibodies from naive
libraries as potent as those from the immune system heralds
a new approach that bypasses the need for immune responses
altogether and allows for the generation of potent antibodies
suitable for diagnostics, therapeutics, and prevention, within
weeks of having the antigen in hand.

These results validate the original promise of naive antibody
libraries to eliminate animal use in therapeutic antibody dis-
covery. This is true not just for diseases in which antibodies
have proved particularly useful (cancer and autoimmunity),
but also in swift responses to future pandemic threats: the
present one has made clear the importance of preparation for
the inevitable next one. While highly potent antibodies, com-
parable to some EUA-approved antibodies, have been gener-
ated from naive libraries, all approved anti-SARS-CoV-2
antibodies to date, including broadly neutralizing antibodies,
such as sotrovimab,” have been derived from immune
responses. It remains to be seen whether similar broadly neu-
tralizing antibodies can also be selected from naive libraries.

The CoVIC study focused mainly on the biological func-
tions of antibodies obtained from different antibody discovery
strategies without considering downstream drug development
aspects such as timeline, the scale of discovery, the proportion
of neutralizing antibodies obtained with each approach, the
genetic/structural diversity (i.e., different paratopes and epi-
tope binding) of different antibodies obtained, and an estimate
of the cost to obtain clinical candidate molecules.

Another aspect of antibody science touched by responses to
SARS-CoV-2 has been the analysis of the modalities by which
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Figure 1. a) A cartoon representation of 22 antibodies binding to the “neck” of SARS-CoV-2 RBD (salmon), with b) showing ACE-2 (turquoise) binding at the same site. c)
The CDRH3 sequences represented across the 22 RBD ‘neck’-binding antibodies. Lenient VH-clonotypes are separated with solid lines, with the cluster representative

highlighted in bold font (derived from Robinson et al.>).

antibodies with different sequences bind to the same target. While
it is known that antibody responses often target similar epitopes,
without the opportunity for the extensive structural analysis the
pandemic provided, it has been less clear whether this reflects
binding to identical epitopes or merely overlap, resulting in simi-
lar biological effects. A recent analysis of the crystal structures of
antibodies binding the SARS-CoV-2 receptor binding domain™®’
indicates that, at least for this target, numerous antibodies with
diverse HCDR3s (but all derived from IGHV3-53/IGHV3-66
germline genes) bind the neutralizing epitope essentially identi-
cally (Figure 1). This indicates greater structural convergence in
the humoral immune response than suggested by sequence-based
analysis of the HCDR3 alone, as well as the importance of the
germline gene and other CDRs in directing epitope binding
activity.*!

If antibody generation, particularly using in vitro meth-
ods, could be routinely combined with mRNA vaccination,
which has already been tested in clinical trials for in situ
antibody expression within an infectious context,*” the
world of antibody therapy may be revolutionized as drama-
tically as has the world of vaccination. By avoiding the need
to establish cell banks, bioreactors, and antibody purifica-
tion, mRNA injection could lead to antibody development
and administration as rapidly as is now seen for mRNA
vaccines. Furthermore, mixing mRNAs encoding vaccines
with mRNAs encoding neutralizing antibodies may provide
simultaneous and immediate active and passive vaccination
with a single injection.

Finally, these unprecedented worldwide efforts to expe-
dite the development and production of vaccines and
antibodies occurred in parallel to the streamlining of reg-
ulatory procedures. This demonstrates such regulations
can also be accelerated without increased risk to patients,
in anticipation of the argument that approval for treat-
ments for other diseases could also benefit from this time
advantage.

Without the COVID-19 pandemic spurring international
focus on SARS-CoV-2, we likely would have waited decades
for these insights.
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