Vaccine manufacturing facilities have had to rapidly ramp up their capabilities to produce RNA vaccines.

HOW COVID
UNLOCKED THE

POWER OF RNA

Vaccine research and development might
never be the same again. By Elie Dolgin

t was a Friday afternoon in March 2013
when Andy Geall got the call. Three peo-
plein Chinahadjustbecomeinfected with
anew strain ofavianinfluenza. The global
head of vaccines research at Novartis,
Rino Rappuoli, wanted to know whether
Geall and his colleagues were ready to put
their new vaccinetechnology to the test.

A year earlier, Geall’s team at Novartis’s
US research hub in Cambridge, Massachu-
setts, had packaged strings of RNA nucleo-
tides inside of small fat droplets, known as
lipid nanoparticles (LNPs), and used them to

successfully vaccinate rats against a respira-
tory virus'. Could they now do the same for
the novel flu strain? And could they do it as
fast as possible?

As Geall, head of the RNA group, recalls: “I
said, ‘Yeah, sure. Just send us the sequence.”
By Monday, the team had begun synthesizing
the RNA. By Wednesday, they were assembling
thevaccine. By the weekend, they were testing
itin cells —aweek later, in mice”

The development happened atabreakneck
speed?>. The Novartis team had achievedin one
month what typically took a year or more.
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But at the time, the ability to manufacture
clinical-grade RNA was limited. Geall and his
colleagues would never find out whether this
vaccine, and several others that they devel-
oped, would workin people.In2015, Novartis
sold its vaccines business.

Five years and one global pandemic later,
RNA vaccines are proving their worth. Last
month, two RNA vaccine candidates — one
from US pharmaceutical giant Pfizer and
BioNTech in Mainz, Germany, and another
from Moderna in Cambridge, Massachusetts
—wonemergency approval fromregulatorsin
several countries to fight COVID-19.

The era of RNA vaccines has arrived —and
dozens of companies are gettingin the game.
“All of the major pharmas are, in one way or
the other, now testing out the technology,”
saysJeffrey Ulmer, former head of preclinical
research and development at GlaxoSmith-
Kline’s vaccine divisionin Rockville, Maryland,
and before that a member of Geall’s team at
Novartis.

The idea of using RNA in vaccines has
been around for nearly three decades. More
streamlined than conventional approaches,
the genetic technology allows researchers
to fast-track many stages of vaccine research
and development. The intense interest now
could lead to solutions for particularly recal-
citrant diseases, such as tuberculosis, HIV and
malaria. And the speed at which they can be
made could improve seasonal-flu vaccines.
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But future applications of the technology
will run up against some challenges. The raw
materials are expensive. Side effects can be
troubling. And distribution currently requires
a costly cold chain — the Pfizer-BioNTech
COVID-19 vaccine, for example, must be stored
at-70 °C. The urgency of COVID-19 is likely
to speed up progress on some of those prob-
lems, but many companies might abandonthe
strategy once the currentcrisis subsides. The
question remains: where will it end up?

“The RNA technology has proved itself,
butit’s not done yet,” says Philip Dormitzer,
head of viral vaccines research at Pfizer, and
aformer colleague of Geall’s at Novartis. “And
now that we’ve seen it work for COVID-19, it’s
tempting to want to do more.”

Small particles, big advance

Vaccines teach the body to recognize and
destroy disease-causing agents. Typically,
weakened pathogens or fragments of the
proteins or sugars on their surfaces, known
as antigens, are injected to train theimmune
system to recognize an invader. But RNA vac-
cines carry only the directions for producing
these invaders’ proteins. The aimis that they
canslip into a person’s cells and get them to
produce the antigens, essentially turning the
body intoits owninoculation factory.

The idea for RNA-based vaccination dates
backtothe1990s, whenresearchersin France
(at what is now the drug firm Sanofi Pasteur)
firstused RNA encoding aninfluenza antigen
inmice*. It produced aresponse, but the lipid
delivery systemthat the team used proved too
toxic to use in people. It would take another
decade before companies looking at RNA-in-
terference therapeutics —whichrely on RNA’s
ability to selectively block the production of
specific proteins — discovered the LNP tech-
nologies that would make today’s COVID-19
vaccines possible.

“Finally, there was the breakthrough,” says
NickJackson, head of programmes and innova-
tive technologies at the Coalition for Epidemic
Preparedness Innovations in Oslo, a global
partnership to accelerate vaccine develop-
ment. “That was really the watershed that
allowed the application of messenger RNA to
awholerange of different disease indications.”

In 2012, around the time that Geall and his
colleagues described’ the first LNP-encapsu-
lated RNA vaccine, the US Defense Advanced
Research Projects Agency (DARPA) began
funding groups at Novartis, Pfizer, Astra-
Zeneca, SanofiPasteur and elsewhere to work
on RNA-encoded vaccines and therapeutics.
None of the big-name firms stuck with the
technology, however. “They were reticent
abouttaking onany risk with anew regulatory
pathway for vaccines, even though the data
looked good,” says Dan Wattendorf, aformer
programme manager at DARPA.

But two smaller firms with ties to the DARPA
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programme continued to work on the technol-
ogy. One was CureVac in Tiibingen, Germany,
whichbegan humantesting of arabies vaccine
in 2013 (ref. 5). CureVac also has a COVID-19
vaccinein late-stage testing.

The other was Moderna, which built onwork
funded by DARPA to eventually bring an RNA-
based vaccine for a new strain of avian influ-
enzainto clinical testinginlate 2015. It elicited
strong enough immune responses® that the
company moved ahead with human trials of
RNA vaccines for cytomegalovirus (acommon
cause of birth defects), two mosquito-borne
viruses (chikungunyaand Zika) and three viral
causes of respiratory illness in children.

GlaxoSmithKline, which had acquired most
of Novartis’s vaccine assets, also began eval-
uating an RNA-based rabies vaccine in 2019.

That was the full extent of clinical devel-
opment for RNA vaccines at the beginning of
2020: only a dozen candidates had gone into
people; four were swiftly abandoned after ini-
tialtesting; and only one, for cytomegalovirus,
had progressed to alarger, follow-on study.

Then came the coronavirus — and withiit,
“there’s been this enormous spotlight”, says
Kristie Bloom, a gene-therapy researcher at
the University of the Witwatersrand in Johan-
nesburg, South Africa. In the past ten months
alone, at least six RNA-based COVID-19 vac-

“This technology is still
super early, and we’re going
tosee multipleiterations
over the coming years.”

cines have entered human testing. Several
more are nearing the clinic.

Need for speed

RNA vaccines seem built for speed. From the
genetic sequence of a pathogen, research-
ers can quickly pull out a potential antigen-
encoding segment, insert that sequenceina
DNA template and then synthesize the corre-
sponding RNA before packaging the vaccine
for delivery into the body.

Moderna, for example, managed this within
4 days of receiving the SARS-CoV-2 genome
sequence. It focused on the virus’s spike pro-
tein, a surface protein used to enter cells. Col-
laborating with the US National Institutes of
Health, the company thenran proof-of-concept
experiments in mice before kicking off first-
in-human testing ina span of just two months.

Any vaccine, in theory, could be created
in the same way. “It truly is a platform in that
sense,” says John Shiver, head of vaccine
research and development at Sanofi Pasteur.
With RNA, “you don’t have to recreate the
entire process”.

Classical approaches to vaccine creation,
by contrast, require bespoke, expensive and
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time-consuming steps for every candidate.
These inefficiencies help to explain why health
authorities must choose which strains to put
into each year’s seasonal-flu vaccine months
ahead of fluseason. Those choices often miss
the mark, and there is no time to go back and
testanalternative. Asaresult, flu vaccinesare
rarely more than 60% effective.

With RNA, however, vaccine makers could
more quickly pivot to an effective selection
of antigens. “You could theoretically move
very fast to adjust sequence and address that
—almost on the fly,” says Ron Renaud, chief
executive of Translate Bio, an RNA-focused
company in Lexington, Massachusetts, that
is working with Sanofi Pasteur on RNA-based
vaccines for influenza, COVID-19 and several
other viral and bacterial pathogens.

Thanksto their plug-and-play functionality,
RNA vaccines could aid basic research. Justin
Richner, a vaccinologist at the University of
Illinois College of Medicine in Chicago, is
developing a RNA-based dengue vaccine in
hisownlaboratory. Richner and his colleagues
routinely chop and change the gene sequence
encodingtheenvelope proteinthatthe dengue
virus uses tolaunchits attack on human cells.
Byiteratingtheir design, the researchers have
tested around 15 vaccine candidates in mice.

“It’'s really easy to manipulate the coding
sequence of the vaccine to try new hypoth-
eses and strategies that may make for better
vaccines,” says Richner.

Other treasures

Advances in the technology are now helping
researchers to close in on some of the holy
grails of vaccine development — such as a
universal flushot that would work againstany
strain of the virus without being redesigned
eachyear. Others are eyeing jabs against HIV
and other top killers in lower-income coun-
tries. Such vaccines have eluded scientists
often because of the way that pathogens
systematically alter their surface proteins to
evade immune recognition. Some infectious
agents, such as malaria, also have elaborate life
cycles that further complicate the process of
picking antigens.

RNA vaccines could includeinstructions for
multiple antigens, either strung togetherina
single strand, or with several RNAs packaged
together in asingle nanoparticle.

Norbert Pardi, a vaccine scientist at the
University of Pennsylvania Perelman School
of Medicine in Philadelphia, took the latter
approach for his experimental flu vaccine.
Made of four RNA strands, each encoding a dif-
ferentinfluenza protein, the multiplex vaccine
successfully protected mice from infection
with one particular subtype of influenza virus’.

Now, Pardiand his collaborators at the Icahn
School of Medicine at Mount Sinaiin New York
City hopetorepeat the exercise for the other 2
main viral subtypes before putting everything



together into a 12-strand flu shot that could
supplant the need for annual vaccination. “If
you hitthe virus at multiple points,” Pardisays,
“you can induce broadly protective immune
responses.”

Stability and safety

Despiteits many potential advantages, today’s
RNA-vaccine technology leaves room for
improvement. “This technology is still super
early,” says Robin Shattock, animmunologist
at Imperial College London, “and we're going
tosee multiple generations anditerations over
the coming years, I suspect.”

First, there’s theissue of cold storage. Both
the Pfizer-BioNTech and Moderna vaccines
require cold temperatures to maintain the
integrity of their RNA.

But at least two companies claim to have
COVID-19 RNA vaccines that are stable for
months at warmer temperatures.

CureVac, which uses the same LNPs as
Pfizer-BioNTech, folds its RNA into com-
pact 3D structures, which allows for storage
at refrigerated temperatures for months,
says chief technology officer Mariola Fotin-
Mleczek. And Suzhou Abogen Biosciences,
a Chinese company with an RNA vaccine for
COVID-19 now in early human testing, has
focused on LNP quality and purity to createa
product that reportedly maintainsits potency
for up to one week at room temperature®.

There’s another challenge: so far, RNA
vaccines tested for human use against dis-
ease, COVID-19 or otherwise, have generally
required a double dose to be effective. And
judging by poor compliance with other multi-
dose vaccines, many people who get the first
shot probably won’t get the second.

New delivery systems could fix that. At
Vaxess Technologiesin Cambridge, Massachu-
setts, forexample, researchers have developed
awearable skin patch studded with tiny silk-
tipped, dissolvable microneedles that slowly
trickle vaccine into the body.

Administering the vaccine in drips instead
of allat once could help to solve a third draw-
back: side effects. Severe reactions, although
transient, do seem to be more common with
COVID-19 shots than with other immuniza-
tions —more than 80% of people who received
the Moderna vaccine in clinical trials had
some type of systemic reaction to the shot,
with bouts of fatigue, muscle pain and other
issues that often proved briefly debilitating.

That unpleasantness might be acceptable
inthe midst of adeadly global pandemic, says
vaccinologist Stanley Plotkin, who consults
for many vaccine manufacturers. But people
might baulk at routinely feeling soiill for, say,
their annual flu shot. And for any vaccines
geared toward infants, “one would certainly
want to have something less reactogenic”.

Contaminants in vaccine synthesis and the
LNP delivery system are thought to be two of

HOW RNAS CAN WORK HARDER

RNA vaccines work by tricking the body’s cells into producing a fragment of a virus, an antigen, from an RNA
template. One strategy to make them more effective at lower doses — or in a single dose — is to incorporate the
instructions for assembling a replicase, which can make lots of copies of the RNA template for producing antigens.
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the main sources of reactogenicity. Purifica-
tion systems are only so good, and LNPs can
be optimized only so much. For thesereasons,
vaccine manufacturers often administer lower
doses to limit a person’s exposure to both.
With a conventional RNA vaccine, lower doses
mean lower potency. But companies such as
Arcturus Therapeutics in San Diego, Califor-
nia, and VaxEquity in London have devised
workarounds by creating self-amplifying RNA
constructs for their COVID-19 vaccines (see
‘How RNAs can work harder’).

In small doses

Unlike the front-runner RNA-based vaccines,
which contain little more than the coding
sequence for the coronavirus spike protein
flanked by regulatory regions on either end,
these self-replicating vaccine candidates also
includeinstructions for the RNA to copy itself.

The vaccine constructs are a bit clunkier,
requiring more sequence optimization and
manufacturing finesse. But they allow com-
panies to lower the dose. And the replicating
RNA more closely mimics anatural viralinfec-
tion — triggering astronger, broaderimmune
response, which might allow for single-dose
inoculation regimens.

BioNTech has improved on the amplifying
technology’. Before COVID-19, the company
focused mostly on cancer vaccines. But with
a proven reputation, expanded production
capacity and substantial cash flow expected
from sales of the COVID-19 vaccine, “that
will allow us to expand on the infectious-
disease platform much faster”, says BioNTech
co-founder and chief executive Ugur Sahin.

Ziphius Vaccines in Oostkamp, Belgium,
has similarly tried to capitalize on corona-
virus momentum. Founded in May 2019 —
initially to develop RNA-based treatments
for rare diseases such as Duchenne muscu-
lar dystrophy and cystic fibrosis — Ziphius
overhauled its development plans last year
after starting to work on a self-amplifying
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RNA vaccine for COVID-19. Chief executive
Chris Cardon says the start-up isnow tryingto
raise €30 million (US$37 million) to advance
14 preclinical programmes for a variety of
infectious diseases.

RNA vaccines might yet face financial head-
winds. Many industry insiders don’t expect
the current white-hotinterest tolast once the
pandemic subsides.

“It’s pretty hard to talk people into taking
bets on this type of technology for vaccines
ininfectious diseases,” says Nathaniel Wang,
chiefexecutive of Replicate Biosciencein San
Diego, California, acompany he co-founded
last year with Geall to develop RNA-based
treatments for cancer. And although Repli-
cate has forged some academic and commer-
cial partnerships around RNA vaccines for
COVID-19 and Zika, it’s not what most ven-
ture-capital firms want to fund, says Wang.

Still, with RNA vaccines making headlines,
Geall and many of his former colleagues have
beenreplayingtheir days at Novartis. Had the
company not sold off its vaccines unit, could
they have helped to stamp out Ebola or Zika
outbreaks in the past decade?

“There’s always alittle bit of sadness look-
ing back,” says Christian Mandl, former head
of research and early clinical development at
Novartis’s vaccines unit. But he takes solace
inthe success of the COVID-19 vaccines today.
“l am very proud that we made a valuable
contribution.”

Elie Dolgin is a science journalist in
Somerville, Massachusetts.
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