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ABSTRACT The continued evolution of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) necessitates that the global scientific community monitor, assess, and
respond to the evolving coronavirus disease (COVID-19) pandemic. But the current re-
active approach to emerging variants is ill-suited to address the quickly evolving and
ever-changing pandemic. To tackle this challenge, investments in pathogen surveil-
lance, systematic variant characterization, and data infrastructure and sharing across
public and private sectors will be critical for planning proactive responses to emerging
variants. Additionally, an emphasis on incorporating real-time variant identification in
point-of-care diagnostics can help inform patient treatment. Active approaches to
understand and identify “immunity gaps” can inform design of future vaccines, ther-
apeutics, and diagnostics that will be more resistant to novel variants. Approaches
where the scientific community actively plans for and anticipates changes to infec-
tious diseases will result in a more resilient system, capable of adapting to evolving
pathogens quickly and effectively.
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Broad sequencing efforts identified the emergence of more transmissible severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants such as Alpha and Beta at

the end of 2020. This signaled a critical need to assess and plan for variants with possibly
new pathogenic or transmissibility profiles. Unfortunately, current systems are designed
to be reactive—instead of proactive—to these new variants. But the quick pace with
which some variants spread across the globe highlighted the need for global collab-
orative networks that allow for rapid and easy sharing of data among academic, com-
mercial, public health, and government sources to monitor, assay, and respond to new
variants.

Since SARS-CoV-2 will continue to evolve, building sustainable and resilient scientific net-
works for real-time data monitoring and sharing allows lessons learned from the coronavirus
disease 2019 (COVID-19) pandemic to inform responses to the emergence of new SARS-
CoV-2 variants of concern as well as other global pathogens. These actions are enabled by
the correct tools, resources, and infrastructure to allow for global pathogen surveillance, con-
stant monitoring, and proactive responses by the scientific community.
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DESIGNING NETWORKS TO SYSTEMATICALLY ASSESS VARIANTS

Globally, several networks to systematically track variants of concern have been
established. These include the COVID-19 Genomics UK Consortium (COG-UK), the WHO
Technical Advisory Group on SARS-CoV-2 Virus Evolution (TAG-VE), the Network for
Genomics Surveillance in South Africa (NGS-SA), as well as the SARS-CoV-2 Assessment
of Viral Evolution (SAVE) program in the United States and many others (1).

Several elements are needed for successful tracking and understanding of SARS-CoV-2
variants. First, surveillance of sequences in various databases (GISAID, GenBank etc.) needs
to be established. Available sequences allow scientists to determine the frequency of a cer-
tain variant at any point in time in different geographic locations and to assess whether the
frequency of the variant is increasing. Structural information and information from serology
studies (see below) should be incorporated into surveillance systems that allow rapid identi-
fication of concerning mutations as soon as they arise. Of course, in order to perform this
work, sequences need to be available first. And while some geographic areas are sampled
well, little sequence information is available from others (as described below). Interestingly,
the division between countries that perform viral surveillance well and those who provide
insufficient sequence information is not necessarily a division between high and low-income
countries. In practice, social media channels like Twitter have become increasingly common
ways for the rapid delivery of information about new variants, often faster than traditional
academic information-sharing pathways.

Another key aspect of successful programs that track variants is the in vitro characterization
of these virus isolates. While a lot can be predicted from just looking at sequences and muta-
tions, the hypotheses formed by these predictions still need to be tested experimentally. Since
neutralizing antibody titers have been established as a correlate of protection, testing if new
variants escape from sera of previously infected or vaccinated individuals (or from monoclonal
antibodies), and to what degree, needs to be tested (2–5). Various assays, including neutraliza-
tion assays with live viral isolates, pseudotyped particle entry inhibition assays, as well as re-
ceptor-binding domain-angiotensin converting enzyme 2 (RBD-ACE2) interaction inhibi-
tion assays can be used for this purpose. Neutralization and pseudotyped particle entry
inhibition assays very often deliver highly concordant results (although N-terminal domain
[NTD] antibodies seem more potent in neutralization assays with live SARS-CoV-2) (6).
However, often it takes longer to obtain virus isolates (which is made more complicated
by the bureaucratic hurdles of exporting and importing live viruses) than to synthesize the
gene for the spike protein of a variant and use it in a pseudotyped particle entry inhibition
assay. Neutralizing antibody titers to the variant of question are then often compared to
neutralizing antibody titers of the same serum panel against the ancestral virus. If the drop
in neutralization is low (e.g., 2-fold) it is likely that circulating neutralizing antibodies will
still protect from a new variant. Higher drops in neutralization (e.g.,15- to 20-fold as
observed with Omicron) indicate significantly reduced protection from infection and
disease. However, many other viral and immune-factors need to be assessed too, including
loss of antibody binding to variant virus spike and/or RBD, loss of CD81 and CD41 T cell
reactivity, the influence of viral mutations on fusogenicity, the influence on ACE2 binding
affinity, the influence on in vitro replication capacity and the influence of mutations in non-
spike proteins especially those responsible for replicative efficacy and innate immune eva-
sion. One problem here that has not been solved yet is assay standardization for different
assays across laboratories, especially when it comes to variants, because the only available
international serum standard was targeted toward the ancestral variant and has also been
depleted.

Another important aspect of surveillance programs is the availability to assess pathogenic-
ity and immune escape of new variants in animal models. Several models, including transgenic
and wild-type mice, ferrets, and nonhuman primates as well as hamsters have been estab-
lished. Hamsters seem to replicate pathogenicity seen in humans best although they do not
mirror all symptoms and metrics seen in humans, especially not with the Omicron variant and
its sublineages (7). Animals can be vaccinated ahead of time and then housed until a new vari-
ant emerges. Then they can be challenged with the emerging variant and the ancestral strain
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and protection can be compared. This analysis complements the in vitro data and allows for
mechanistic studies that are not possible in humans.

Importantly, data generated in vitro and in animal models needs to be supple-
mented with patient data about “infectiousness,” vaccine breakthrough rates/vaccine
effectiveness, incubation time, replicative efficacy in the upper respiratory tract as well
as severity data. Differences in incubation time are often overlooked but are important
because shorter incubation times allow less time for an anamnestic immune response,
which in some cases can protect from disease despite initiation of infection. Integration of
these data will allow the community to better assess if a new variant constitutes a serious
threat and warrants vaccine updates. Ideally, the pipeline allows associations of single muta-
tions in certain positions with phenotypes, which then feeds back into the surveillance part
described above and makes it easier to identify concerning variants just by analyzing their
sequence.

Importantly, currently there is no quick regulatory pathway for strain changes for
vaccines without clinical trials, but hopefully such pathways will become available soon. In
order to maximize the impact of updated vaccines on infection waves with concerning new
variants it is imperative to generate data quickly and make decisions about vaccine updates
after a very brief period. Updated vaccines that become available months after a new variant
has caused a wave are of limited use. Similarly, real-time data for escape from therapeutic
monoclonal antibodies needs to be shared rapidly with clinicians to allow selection of the
most effective treatment depending on which variant is circulating.

CONNECTING LABORATORY AND CLINICAL DATA FOR PATIENT AND DIAGNOSTIC
NEEDS

The COVID-19 pandemic has shown more than ever before the critical role that diagnos-
tics plays in the management of infectious diseases. A WHO communication from March 16,
2020, stated, “You cannot fight fire blindfolded” to encourage countries to tests for COVID-19
(https://www.who.int/emergencies/diseases/novel-coronavirus-2019/events-as-they-happen).
The challenges associated with developing and expanding rapid diagnostic tests during
the pandemic have been discussed extensively (8, 9). However, unique to the COVID-19 pan-
demic, has been the extensive use of next-generation sequencing for relatively rapid genomic
surveillance of emerging SARS-CoV-2 variants. These variants have had a marked impact not
only on transmission and infectivity but also on the performance of diagnostic tests and the
effectiveness of various treatments, including monoclonal antibodies. With that knowledge,
the question now is “how do we ensure that clinical laboratories are better prepared to diag-
nose and manage the next SARS-CoV-2 variant or the next emerging pathogen?”

The current model is a reactive one and the reaction tends to be relatively slow and
uncoordinated, whereby every clinical laboratory is left to its own devices to figure out
how to prepare. While one size does not fit all, there are a few options that could be
considered to increase speed and coordination. First, given that the majority of clinical
laboratories will rely on commercial diagnostic tests when those are available, a frame-
work that encourages greater transparency between commercial vendors and clinical
laboratories is necessary. Unlike laboratory-developed tests (LDTs), details of commer-
cial tests (e.g., specific genomic target sequence or primers/probes sequences) are not
known to clinical laboratories. Therefore, the impact of genomic changes on assay per-
formance cannot be predicted locally and relies heavily on prompt notification by the
manufacturers. Such notification does not always occur, and often the first sign that an
assay is impacted is observed by the astute clinical microbiologist, as shown recently
(10). Amplifying this communication system for all assays more systematically for the
many tests used by laboratories would benefit all laboratories using commercial tests.
A better system would also be for vendors to communicate more effectively with clini-
cal microbiologists running their assays. Even better would be for commercial vendors
to perform frequent experiments that assess the continued performance of their tests
against circulating variants (which they probably do) and consistently share those data
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with clinical microbiologists even if the impact is not complete loss of analytical sensi-
tivity or specificity.

A similar approach should be considered with therapeutics as several antivirals, particu-
larly monoclonal antibodies, have lost activity against emerging variants over the course of
the pandemic and required clinicians to quickly modify treatment recommendations (11).
Given that most laboratories were not able to identify in real time the presence of emerging
variants that were resistant to current treatment, the decisions were made at the population
level and only when the prevalence of a circulating variant was already high. A better
approach would be for clinical laboratories to have the ability to identify variants or key
mutations that have a significant impact on treatment rapidly. These assays (when commer-
cially available) are currently limited to identification of known variants when available and
not performed in real time but rather only after detection of the SARS-CoV-2 positive sam-
ple. This is another opportunity to have a positive impact on patient care, with rapid assays
that provide additional variant of concerns information.

There is an urgency associated with diagnosis and treatment of SARS-CoV-2 variants, par-
ticularly in immunosuppressed patients. Our current reactive approach is not ideal. The
entire genome sequence of the original Wuhan SARS-CoV-2 strain was made publicly avail-
able only a few weeks after the initial report of this new syndrome (https://www.who.int/
emergencies/diseases/novel-coronavirus-2019/interactive-timeline#event-18). Thus, it stands
to reason that a more proactive approach to variants identification could have been devel-
oped using modeling and predictive analysis methods to identify hot spots in the genome
that could impact testing and therapeutics (12–14). This can still be done, and more efforts
should be made to support these types of investigations in order to be better prepared for
the next SARS-CoV-2 variant or the next emerging pathogen.

GLOBAL DATA SHARING FOR PREDICTING IMMUNITY GAPS AND RESPONDING
PROACTIVELY

The strengthening of global genomic surveillance systems has proven invaluable in the
identification of new SARS-CoV-2 variants. The establishment of the Africa CDC Pathogen
Institute for Pathogen Genomics initiative (PGI) is one success story from the pandemic, with
next-generation sequencing capacity having expanded dramatically since 2020 (https://ipg
.africacdc.org). However, variable genomics capacity continues to result in large regions of
the world that are poorly surveyed. These undersequenced regions in some cases overlap
high levels of HIV prevalence (https://www.unaids.org/en/resources/documents/2021/2021
_unaids_data). As uncontrolled HIV infection is associated with long-term shedding, such
populations likely represent a potential source of new SARS-CoV-2 variants of concern (15).
Expanding next-generation sequencing capacity yet further remains crucial and may
become more challenging as sequencing resources for SARS-CoV-2 sequencing diminish
with a global transition to endemicity.

Thus far, our response to the pandemic has been highly reactive, with phenotypic
characterization of variants occurring within days or weeks, followed by epidemiologi-
cal assessments of the spread and clinical severity of new variants. Proactively translat-
ing genomics to understand the potential risk of new variants is more difficult. Our
understanding of the significance of individual mutations in the spike gene has
expanded, informed by laboratory assays of mutants, and modeling of resulting data
to enable antigenic cartography (16, 17). We also now have a more detailed under-
standing of the antibody response to SARS-CoV-2 infection and vaccination at the mo-
lecular level, a result of several studies where large numbers of monoclonal antibodies
were isolated and characterized (18). This knowledge enables us to evaluate emerging
variants at the sequence level fairly rapidly and predict likely immune evasion muta-
tions. However, viral trade-offs in transmissibility and immune evasion mean that
mutations need to be considered within context, necessitating continued phenotypic
evaluation of new variants.

Leveraging genomics data to define the immunological landscape is becoming
increasingly difficult, with most of the world now exhibiting immunity to SARS-CoV-2,
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either through vaccination, infection, or a combination of both—so-called “hybrid im-
munity.” Immune profiles likely vary considerably by location and choice of vaccine
schedule taken up by a country. For example, much of Africa lags in vaccine coverage,
but several studies indicate .90% seroprevalence through high force of infection in
sequential waves (19, 20). In contrast, vaccine coverage in the developed world is
much higher, though in the era of Omicron, now increasingly followed by infection.
Immunological exposure histories will almost certainly shape population immunity,
resulting in variable “immunity gaps” where emerging SARS-CoV-2 variants will spread.
Different variants trigger slightly different specificities—for example the Beta variant
triggered responses with greater cross-reactivity, whereas Omicron (BA.1) infection appears
to trigger more variant-specific responses (21, 22). Whether or not this extends to currently
circulating sublineages of Omicron remains unknown. Furthermore, a major gap in our
understanding of immune responses is a paucity of data on mucosal responses, which are
probably more efficiently triggered by infection compared to vaccination (23). Defining the
correlation, if any, between systemic and mucosal responses, and ascertaining which better
predicts protection from infection is a key gap in the field, with implications for the possible
prioritization of intranasal vaccines.

Another key knowledge gap that will enable us to respond more proactively to
emerging variants is the lack of any clear correlates of protection from severe disease.
While T cell responses and Fc effector functions mediated by binding antibodies
against SARS-CoV-2 variants of concern have thus far been remarkably resilient (24,
25), their true contribution to protection from severe disease is correlative at best. To
study T cells, quantitative analyses are complicated by the need for stored peripheral
blood mononuclear cells and the need to link these laboratory measurements to cases
of severe illness, which is becoming increasingly rare, fortunately. Additionally, we will
need to continue to assess the possibility of T cell escape. In Omicron, 75 to 80% of T
cell responses were preserved, but loss of activity in some individual may suggest the
possibility of future escape (24).

Overall, retaining and expanding sequencing capacity should be allied to the
strengthening of global laboratory capacity to characterize new variants. Furthermore,
while excellent databases are available for the deposition and curation of genomic
data, such global databases do not exist for immunological data, and while this would
be complicated by the lack of assay standardization mentioned above, these should be
prioritized.

PREPARATION AND PROACTIVE STEPS FOR GLOBAL HEALTH

SARS-CoV-2 has infected millions worldwide, with the long-term consequences on
global health and equity unknown. The ever-changing SARS-CoV-2 genomic landscape
makes it hard to predict the future of the pandemic, resulting in scientific and public
health groups being reactive instead of proactive. The authors suggest the following
steps for the scientific community to take to become more proactive in responding to
SARS-CoV-2 and other pathogens such as HIV:

� Continue and expand pathogen genomic sequencing for equitable global surveillance,
especially in communities with high disease burden that can lead to extended viral
evolution and shedding.

� Standardize systematic variant characterization assays in vitro (especially neutralization)
and in animal models for easier and faster analysis of emerging variants’ impact on
diagnostics, therapeutics, and vaccines.

� Establish global communication networks among academic, commercial, public
health, and government sources to share data and reagents (including virus isolates) in
real time.

� Increase training of clinical microbiologists on next-generation sequencing
technology to ensure availability of real-time data on pathogens evolution and the
associated impact on the use of diagnostics, vaccines, therapeutics, and patient
clinical outcomes.
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� Implement point-of-care (POC) tests that identify key genetic mutations associated with
reduced therapeutic efficacy to inform patient treatment in real time.

� Analyze the vast genomic and antigenic data of SARS-CoV-2 to identify immunologically
important genomic regions, which can help inform design of diagnostics and
therapeutics more resistant to emerging variants.

The pandemic provided challenges and opportunities for the scientific community.
While vaccine and treatment development occurred at an unprecedented pace, contin-
ued viral evolution resulted in immune evasion and therapeutic resistance by emerging var-
iants. Fortunately, we too have the ability to evolve and adapt to the changing pandemic.
Proactive monitoring and preparation will result in a system more resilient to pathogen evo-
lution. Global and holistic approaches will be needed. For example, efforts should focus not
only on treating those with COVID-19 but on treating people for diseases that lead to com-
promised immune responses as well. These proactive measures help prevent emergence of
new variants arising from long-term infections in immunocompromised individuals and
increase the overall health of communities. Together, these actions are the first steps in
building a more resilient and connected scientific network to share, analyze, and build upon
data that can help us better plan for “what’s next” for COVID-19 and beyond.
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