he past 20 years have witnessed four fatal

coronavirus outbreaks: SARS (severe acute

respiratory syndrome, 2002 and 2003), MERS
(Middle East respiratory syndrome, since 2012), and

now Covid-19 (since 2019). Scien-
tific evidence and ecologic reality
suggest that coronaviruses will
emerge again in the future, poten-
tially posing an existential threat.!
The betacoronaviruses that caused
these epidemics are globally dis-
tributed in numerous species of
bats. The full virologic and geo-
graphic extent of this enzootic
reservoir is unknown; however, it
has been increasingly spilling over
into humans and other mam-
mals.> Because of genetic and
structural receptor conservation
among mammalian species, many
of these animal betacoronaviruses
are “preadapted” for infecting hu-
mans by binding to angiotensin-
converting—enzyme 2 (ACE2) re-
ceptors, which facilitates viral
spillovers and ongoing transmis-
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sion.?> Some animal coronaviruses
that may have pandemic poten-
tial have already been identified,
and many more remain to be de-
tected.

We need a research approach
that can characterize the global
“coronaviral universe” in multi-
ple species, characterize the nat-
ural history and pathogenesis of
coronaviruses in laboratory ani-
mals and in humans, and apply
this information in developing
broadly protective “universal” vac-
cines (protecting against all beta-
coronaviruses, and ideally all coro-
naviruses).

At this point, we have little
understanding of the universe of
endemic and potentially emerg-
ing coronaviruses. Though coro-
naviruses are distributed globally,
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the most important betacorona-
virus hot spots are in southeast
Asia and contiguous areas of
southern and southwestern China.
Preliminary identification and se-
quencing of bat and other mam-
mal-adapted coronaviruses from
this region reveal rapid evolution
and enormous viral complexity.
Numerous bat species transmit
sarbecoviruses (SARS-like viruses
including SARS-CoV-2) to one an-
other and to numerous mammals,
including humans, at a high rate.
Generation of new genomes
through mixed infection and ho-
mologous genetic recombination
leads to substantial coronaviral
genetic diversity, analogous to that
observed in influenza A virus
evolution in wild birds, other an-
imals, and humans. The fact that
different coronaviruses, each con-
taining most of the genome of
SARS-CoV-2, have been found in
one locale in Laos suggests that
the building blocks for pandemic
coronaviruses are being continu-
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ally exchanged through genetic
recombination.

To fully characterize the coro-
navirus ecosystem, a collaborative
international effort should include
extensive viral sampling of mul-
tiple bat species in multiple lo-
cales and of wild and farmed
animals — including masked
palm civet cats (Paguma larvata)
and raccoon dogs (Nyctereutes pro-
cyonoides), which are frequently
infected with coronaviruses — as
well as viral and serologic study
of humans involved in wildlife
and farmed animal trades and
those who are occupationally ex-
posed to bats. Such sampling
could facilitate identification of
an emergence in time to prevent
or control a pandemic; it would
also permit study of cross-react-
ing epitopes, which is important
for vaccine development, and sup-
port epidemiologic and serologic
studies of human infection.

To gain insights into natural
history and pathogenesis, it will
be important to study the coro-
naviruses that were probably once
pandemic but have now become
endemic. These four viruses —
the betacoronaviruses OC43 and
HKU1 and the alphacoronaviruses
229E and NL63 — cause mostly
mild upper respiratory infections
and can be studied in laboratory
animals and in humans* to char-
acterize their epidemiology, cell
tropism, elicited immune re-
sponses, cross-reactive and cross-
protective epitopes, and the mech-
anisms by which they survive and
evolve in the face of high popula-
tion immunity. Ethical human
challenge studies* can be con-
ducted using modern genomic,
transcriptomic, and immunolog-
ic tools.

Finally, we urgently need uni-
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UNIVERSAL CORONAVIRUS VACCINES — AN URGENT NEED

versal coronavirus vaccines.’ In
the United States, the Covid-19
pandemic has been partially con-
trolled by standard public health
measures such as social distanc-
ing, masking, isolating sick and
exposed people, closing places
where people congregate in close
quarters, and other measures, as
well as by SARS-CoV-2 vaccines
(two messenger RNA vaccines and
one adenovirus-vectored vaccine).
As important as these vaccines
are, however, their protective ef-
ficacy wanes over time, necessi-
tating booster doses. Vaccination
has also been unable to prevent
“breakthrough” infections, allow-
ing subsequent transmission to
other people even when the vac-
cine prevents severe and fatal
disease.

People who have been natural-
ly infected with SARS-CoV-2 can
also be naturally reinfected, as
has been shown with endemic
coronaviruses, influenza viruses,
respiratory syncytial virus (RSV),
and many other respiratory virus-
es. Moreover, immunity following
natural infection with SARS-CoV-2,
combined with vaccine-induced
immunity, has so far not prevent-
ed the emergence and rapid spread
of viral variants such as the high-
ly transmissible delta (B.1.617.2)
variant and the recently identi-
fied omicron (B.1.1.529) “variant
of concern,” which as of the end
of November, appeared to be high-
ly transmissible. It remains un-
known whether and how perma-
nent protective immunity can be
achieved, and whether it can pre-
vent emergence of immune es-
cape variants of SARS-CoV-2.

These sobering facts suggest
that SARS-CoV-2 is unlikely to be
eliminated, let alone eradicated;
it will probably continue to circu-
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late indefinitely in periodic out-
breaks and endemics. Meanwhile,
an unknown number of animal
coronaviruses, of unknown trans-
missibility and lethality, may well
emerge in the foreseeable future.
We must therefore greatly accel-
erate our efforts in coronavirus
vaccinology.

The limitations of SARS-CoV-2
vaccines suggest that they will
ultimately need to be replaced by
second-generation vaccines that
induce more broadly protective
and more durable immunity. We
must now prioritize development
of broadly protective vaccines like
the universal influenza vaccines
we have been working toward in
recent years. A universal corona-
virus vaccine would ideally pro-
tect against SARS-CoV-2 and the
many animal-derived coronavi-
ruses that might cause future
zoonotic outbreaks and pandem-
ics. The ideal characteristics of
such vaccines include properties
associated with both individual
and community protection in pan-
demics (see box).

Developing universal coronavi-
rus vaccines will require address-
ing fundamental questions about
the nature of coronavirus protec-
tive immunity. In contrast to res-
piratory viruses that cause sys-
temic infections (e.g., measles,
rubella, varicella—zoster virus in-
fection, and smallpox [eradicated
in 1980]), nonsystemic respiratory
viruses such as the endemic coro-
naviruses, influenza viruses, RSV,
parainfluenza viruses, and SARS-
CoV-2 primarily infect epithelial
cells on mucosal surfaces and
have limited contact with the sys-
temic immune system. They thus
elicit incomplete and transient
protective immunity and allow
reinfections and suboptimal re-
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Ideal Properties of a Universal Coronavirus Vaccine.*

Individual Protection
Necessary
Prevents clinical disease
Prevents infection by all sarbecoviruses and merbecoviruses
Prevents infection by viral drift and recombination variants
Elicits a rapid and robust immune response
Does not have limited vaccine immunogenicity in persons with preexisting
immunity
Induces immunity to multiple viral components
Is safe and acceptable to the public
Is safe for pregnant women
Does not induce antibody-dependent enhancement with subsequent wild-type
virus exposure
Can be used in persons of all ages
Desirable
Is highly efficacious in one dose
Induces robust lifelong systemic immunity
Induces robust lifelong mucosal immunity
Induces a boost in immunity with subsequent wild-type virus exposure
Does not alter the respiratory microbiome
Is affordable and can be used in low-income countries
Is efficacious in persons with immunosuppression

Community Protection
Necessary

Covers all sarbecoviruses and merbecoviruses

Covers all endemic human coronaviruses

Can be used for pandemic prevention

Is based on a platform that is easily upgraded with new antigens
Desirable

Prevents transmission

Reduces or shortens viral shedding

Creates durable herd immunity

Does not elicit neutralization escape mutants

Is stable in storage

Induces a boost in immune protection with sequential vaccination

* The features listed describe a truly universal vaccine, although current vaccine
approaches are unlikely to achieve all these goals. The highest priority should be
universal coverage of betacoronaviruses, with additional coverage of endemic
and other coronaviruses.

sponses to systemically adminis-
tered vaccines.

Research will have to address
several critical questions. What
are the systemic and mucosal im-
mune correlates of protection af-
ter natural coronavirus infection
and after vaccination, especially
with respect to mucosal and re-
spiratory memory B and T cells?
Which vaccine ap-

What are the key humoral and
cellular immune targets that will
allow us to achieve robust, dura-
ble, and broadly protective immu-
nity against the diverse and rap-
idly evolving betacoronaviruses?
What relevant animal models of
coronavirus infection and immu-
nity can be used to adequately
evaluate immune responses and
vaccine efficacy?

An audio interview
‘ ) with Dr. Morens is
available at NEJM.org

proaches will elicit
immunity to multi-
ple viral protein an-
tigens and induce both long-term
humoral and cellular memory?

Although clinical studies of
vaccine efficacy will ultimately be
needed, we must also begin now
to investigate correlates of hu-
man immunity after both natural
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SARS-CoV-2 infection and vacci-
nation, including by evaluating
the durability of responses and
their localization (mucosal and
systemic). Human challenge stud-
ies* with the human “cold virus”
coronaviruses (e.g., OC43) will
probably be important. Together
with studies in animals, such
clinical studies could greatly im-
prove the efficacy of universal
coronavirus vaccines by helping
to define immunogen design and
the optimal routes and manner
of vaccination.

Our ongoing experience with
the current Covid-19 pandemic,
together with the ever-present
threat of the emergence of other
potentially pandemic coronavirus-
es, necessitates the expeditious
development of safe and broadly
protective coronavirus vaccines.
This is a challenge that we must
now fully commit ourselves to
addressing.

Disclosure forms provided by the authors
are available at NEJM.org.
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