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The COVID-19 pandemic is a shocking reminder of how our world would look in the absence of vaccina-
tion. Fortunately, new technologies, the pace of understanding new and existing pathogens, and the
increased knowledge of the immune system allow us today to develop vaccines at an unprecedented
speed. Some of the vaccine technologies that are fast-tracked by the urgency of COVID-19 may also be
the answer for other health priorities, such as antimicrobial resistance, chronic infections, and cancer, that
the post-COVID-19 world will urgently need to face. This perspective analyzes the way COVID-19 is trans-
forming vaccinology and the opportunities for vaccines to have an increasingly important role in health and
well-being.

COVID-19 | vaccinology | vaccines

The path toward fully synthetic vaccines made using
genomic information started in 2013. Sunday, March
31, 2013, was a nice Easter festivity when the World
Health Organization (WHO) was notified about a new
H7N9 avian influenza virus that had infected three
people in China and killed two of them (1). It was a
new, potentially pandemic, virus for which the world
was not prepared. The experience of the H2N2 in
1957, the H3N2 in 1968, and even of the H1N1 pan-
demic in 2009 had shown that vaccines had become
available only after the pandemic peak, and therefore
they were too late to be useful. On Monday, April 1,
2013, scientists at the J. Craig Venter Institute in San
Diego, CA, accessed the sequence of the hemagglu-
tinin and neuraminidase genes posted by the Chinese
Center for Disease Control and Prevention on the
Global Initiative for Sharing All Influenza Data system
and used the enzymatic isothermal assembly method
with self-error correction for the cell-free synthesis of
the two genes (2). The synthetic genes were then ship-
ped overnight from California to Massachusetts.
There, scientists from Novartis Vaccines used the syn-
thetic genes to generate, in only 5 d, a synthetic influ-
enza virus seed ready for vaccine manufacturing. In

addition, they produced an RNA vaccine ready for an-
imal immunization in the record time of 1 wk (3). For-
tunately, the H7N9 influenza virus did not transmit
efficiently between humans, and, although it caused
a few hundred cases during the next few years, it did
not cause a pandemic, limiting the use of these vac-
cines only to clinical trials.

Anticipated by the work of Craig Venter (4), tele-
portation of DNA code through great distances was
not Star Trek’s fiction anymore. For the first time, a
fully synthetic viral vaccine was developed by in vitro
cell-free synthesis of genes using the genomic se-
quence that had been teleported across the planet
at the speed of light via the Internet. The process of
teleporting the genomic sequence has the ambition
to change forever the old—and dangerous—way we
used to make viral vaccines by shipping viruses across
the world. We use the term “Internet-based vaccines”
to describe this new way of making vaccines using the
Internet to share the genomic information, without the
need to transport, access, and grow the real virus.

When, in January 2020, scientists from Fudan
University and their collaborators posted on the Inter-
net the genomic sequence of the severe acute
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respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for
the current COVID-19 pandemic, most of the laboratories across
the world were ready for the challenge. They not only had the
technology to make vaccines starting from synthetic genes, but
some of them could also use computer modeling of the atomic
structure of the spike protein of similar coronaviruses to design,
up front, an antigen stabilized in the prefusion conformation (5, 6).
Synthetic genes were used to rapidly start the development of
more than 200 different vaccines. The remarkable quality and
speed used for COVID-19 vaccine development was possible be-
cause the scientists combined, for the first time, three decades of
scientific progress in independent fields: reverse vaccinology,
structural vaccinology, synthetic biology, and vaccine adjuvants
(Fig. 1). The advances in antigen selection and design (reverse and
structural vaccinology) together with the use of innovative syn-
thetic platforms such as nucleic acid vaccines (RNA and DNA
based), viral vectors, and the availability of licensed adjuvants
allowed for an unprecedented speed in the discovery of several
COVID-19 vaccine candidates, many of which were already in
clinical development stage.

Technologies Used for COVID-19 Vaccine Development
Reverse vaccinology, structural vaccinology, synthetic biology,
and vaccine adjuvants, that so far had been used independently
to develop vaccines, were combined in an unprecedented
worldwide effort to design and develop COVID-19 vaccines.

Reverse vaccinology, the science that identifies vaccine anti-
gens from the genome of pathogens, was used for the first time in
2000 to identify novel antigens for vaccine against meningococ-
cus B, which, up to that moment, had been an impossible task for
conventional technologies (7, 8). The vaccine was licensed by the
European Medicines Agency in 2013 and by Food and Drug
Administration in 2015 and was recently shown to reduce by 74%
the incidence of disease in United Kingdom and by 91% in Italy (9,
10). During the last two decades, genomics has been used in the
development of most vaccines, exploiting the pangenome of
bacterial and viral species. Remarkable progress in genome-
based vaccines was made in 2013 when an RNA vaccine against
a potentially pandemic H7N9 influenza virus was produced in 1 wk
without culturing the virus but using the genome sequence
available in public databases (3). During the last few years, tumor
immunologists used the genome of cancer cells to identify mu-
tations coding for neoantigens to be incorporated in cancer
vaccines (11).

Structural vaccinology, or structure-based antigen design, was
predicted as an emerging field in 2007 when it became clear that
high-throughput structure determination was going to be possi-
ble in the near future (12). However, it had already been antici-
pated in 2002 that the study of antibodies recognizing protective
epitopes was going to inform vaccine design (13). The first ex-
ample, published in 2011, was the design of a single meningo-
coccal antigen containing the epitopes of three antigenic variants

Fig. 1. Technological advances that merged to develop a COVID-19 vaccine.
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of the same molecule (14). In 2013, structure-based vaccine de-
sign was used for the first time to develop a vaccine that had been
impossible for other technologies, when McLellan et al. (15, 16)
described the stabilization of the Respiratory Syncytial virus (RSV)
Fusion (F) protein in the prefusion conformation. In 2019, the
prefusion stabilized F protein was shown to induce unprece-
dented levels of neutralizing antibodies and to be ready for phase
III clinical trials (17). In 2013, structure-based design was also used
for germline immunization to generate broadly neutralizing anti-
bodies against HIV (18). Finally, in 2015, structural vaccinology
was used to stabilize the spike protein of the Middle East respi-
ratory syndrome-related coronavirus (MERS-CoV) in the prefusion
conformation (5). In 2017, a perspective in the Journal of Experi-
mental Medicine predicted the merging of reverse and structural
vaccinology and named it reverse vaccinology 2.0 (19).

Synthetic biology is the ability to use synthetic genes for vac-
cination or cancer therapy. It was pioneered in 1986 by the use of
a cloned gene into a viral vector for gene therapy (20), and, in
1992, by the cloning of the glycoprotein gene of rabies virus into a
canarypox viral vector for the development of a rabies vaccine
(21). In parallel, it was shown that protein expression could be
achieved by the direct transfer of genes into mouse muscle cells
(22). This observation suggested the use of naked DNA (23, 24)
and of RNA (25) for vaccination. DNA vaccination became very
popular during the following decade, until it was realized that,
while successful in most animal models, DNA vaccination has not
been, until to date, successful in humans. The decline of DNA
popularity led to the rediscovery of viral vectors and RNA at the
end of the first decade of the 21st century. In this period, viral
vectors became very popular and were extensively used for the
rapid generation of vaccines to fight the Ebola epidemic of 2014,
which led to the licensure of the first viral vector vaccine in 2019. In
the meantime, the technology to make, stabilize, and deliver RNA
matured in the pharmaceutical industry for the development of
antisense RNA therapeutics. This technology, which employed
delivery of RNA using lipid nanoparticles, was transferred to
vaccines and allowed the efficient delivery of RNA vaccines (26)
and the rapid development of fully synthetic RNA vaccines in 1 wk
against an emerging pathogen (3). During the last few years, the
production and clinical testing of RNA vaccines and viral vectors
increased exponentially so that both technologies were ready to
tackle the SARS-CoV-2 pandemic.

Adjuvants are substances added to vaccines to increase their
potency. Aluminum phosphate or aluminum hydroxide has been
used since the 1920s (27). MF59, the first modern adjuvant, was
licensed in 1997 to improve an influenza vaccine (28). Since then,
several novel adjuvants have been licensed and used in millions of
people. The other adjuvants licensed today are AS03, AS04,
AS01, and CpG oligonucleotides which are used for pandemic
influenza, papillomavirus, herpes zoster, and hepatitis B, respec-
tively (29). In the clinical evaluation setting, alum, AS03, MF59,
CpG, and Matrix-M are being used for COVID-19 vaccines.

In January 2020, these four technologies were used together
for the development of a number of COVID-19 vaccines. A
SARS-CoV-2 nucleotide sequence coding for the spike protein
was derived from the genome sequence uploaded on public
databases (reverse vaccinology); the synthetic gene was modified
upfront to introduce the mutations previously identified to stabi-
lize the coronavirus antigen in the prefusion form (structural vac-
cinology), and used for RNA and viral vector vaccines (synthetic
biology). Finally, the protein-based vaccines (as stabilized
recombinant trimers, viral-like particles, and nanoparticles) were

combined with adjuvants. Although several SARS-CoV-2 vaccines
in the clinic use other approaches such as inactivation or attenu-
ation of the virus, the combination of these technologies and the
coordinated global effort allowed for an unprecedented speed in
the discovery of several COVID-19 vaccine candidates.

Vaccines for COVID-19
Several approaches are used to make COVID-19 vaccines, in-
cluding nucleic acid-based vectors, inactivated or live attenuated
viruses, recombinant proteins, and virus-like particles (30). In this
manuscript, we focus on the three main categories for which
Internet-based vaccines are demonstrating massive develop-
mental acceleration: synthetic RNA vaccines, viral vectors, and
adjuvanted protein-based vaccines (Fig. 2).

Synthetic RNA vaccines are the fastest to develop. A fully
synthetic gene is cloned in a plasmid vector, which is then used as
template for the in vitro synthesis of the RNA vaccine (31). There
are two types of RNA vaccines: those encoding only the antigen
and those encoding for both the antigen and the enzymatic ma-
chinery for RNA template replication following vaccination [self-
amplifying RNA (26)]. Given that RNA vaccines are fully synthetic
and do not need a biological phase, they were able to reach
clinical trials in the record time of 66 d, to move from phase I to
phase II clinical trials in less than 5 mo (32), to produce promising
immunogenicity and efficacy data in humans in 10 mo (33, 34).
Today, RNA vaccines are among the most promising vaccine
technologies, and they will very likely be one of the most impor-
tant platforms of the future. However, we need to be aware that,
today, we do not have a licensed RNA vaccine yet; therefore, this
type of vaccine still needs to go through the challenges of dem-
onstrating safety, immunogenicity, and efficacy in a large human
population. In addition, the manufacturing of RNA vaccines, de-
spite being much simpler than conventional vaccines, has never
been scaled up beyond the need of clinical trials, so that we have
not yet developed the industrial capacity to make tens or hun-
dreds of millions of doses. The urgency to cope with COVID-19 is
providing an unprecedented opportunity to fast-track this tech-
nology and accelerate its maturation by several years.

In the case of viral vectors, the synthetic gene coding for the
spike protein is inserted into one of many viruses that usually have
been engineered so that they cannot replicate in the human host.
The virus is then grown in culture and used to deliver the synthetic
gene during vaccination. There are many viruses that can be used
for this purpose. The most popular ones are adenoviruses (chim-
panzee adenovirus, human adenoviruses 5 and 26), measles virus,
modified vaccinia Ankara, vesicular stomatitis virus (VSV), cyto-
megalovirus (CMV), and others (35, 36). So far, the only licensed
vaccine based on viral vectors are the Ebola vaccines based on
VSV and human adenovirus 26. Although we have a long expe-
rience of clinical trials with viral vector vaccines, these vaccines
have never been used in millions of people, and therefore we still
need to move forward cautiously. Large-scale manufacturing ca-
pacity to produce hundreds of millions of doses is not yet present
in the industry, and it is being accelerated with unprecedented
public and private investments to fast-track COVID-19 vaccines. It
is also important to point out that vector immunity is a concern
with viral and bacterial vectors. Boosting with the same vector has
limitations, and this could impact using the same vector for a
different pathogen, an issue that should be carefully considered.

Protein-based vaccines are the only ones for which we have
large experience. In this case, the synthetic gene coding for
the spike protein, prefusion stabilized or also receptor binding

Rappuoli et al. PNAS | 3 of 7
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domain only, is used to engineer mammalian cells, baculovirus, or
plant cells to produce the recombinant protein that then is puri-
fied, combined with adjuvants, and used as vaccine. The initial
phase of these vaccines involving the generation of the cell line
and the purification of the protein requires more time compared
to RNA or viral vector vaccines, and therefore at least 6 mo were
needed before the first protein-based COVID-19 vaccine started
clinical trials (37). Preliminary data on immunogenicity in humans
show that these vaccines induce very high neutralizing titers which
exceed those found in convalescent people. However, given the
industrial and clinical experience accumulated with protein-based
vaccines combined with licensed adjuvants, there is confidence
that these vaccines will be well tolerated, effective, and available
in large quantities.

Post−COVID-19 Health Priorities
Reverse vaccinology, structure-based design, synthetic biology,
and adjuvants are the tools that we have today to design vaccines
that can be delivered as purified antigens, or by RNA and viral
vectors. The COVID-19 pandemic has accelerated the maturation
of RNA and viral vectors by at least a decade and made these new
platforms available not only for emerging infections but also for
the other health priorities such as antimicrobial resistance (AMR),
chronic infections, and cancer that our world will need to face with
urgency as soon as the COVID-19 emergency is over. To analyze
the new challenges for vaccines, in Fig. 3, we divided vaccines
into four groups. On the opposite sides, there are vaccines that
we already have or that can be made with existing technologies
(group A; Fig. 3A) and vaccines that we cannot yet approach with
today’s knowledge (group D; Fig. 3D). Vaccines in groups B and C
(Fig. 3 B and C) are intermediate. A closer look at these groups
shows that we can divide vaccination into two big categories,
depending on whether we vaccinate a naïve immune system or
vaccinate an immune system that has already encountered the
antigen (primed immune system).

Vaccines for a Naı̈ve Immune System. The vaccine against
smallpox developed more than two centuries ago and the vac-
cines in development today against COVID-19 are based on a
similar principle. They both introduce, into the body, antigens that
had never been seen before by the immune system, aiming at
stimulating a long-term protection for a future encounter with the
virus. The large majority of the vaccines in use today are also
based on antigens that had never been seen before by the naïve

immune system (diphtheria toxin, tetanus toxin, measles, mumps,
rubella, poliomyelitis, hepatitis B, papillomavirus, and infant vac-
cination against influenza, pneumococcus, and meningococcus)
(Fig. 3A). When these vaccines are used, the antigens are taken up
by professional antigen-presenting cells and presented to naïve B
and T cells which mount an adaptive immune response. An im-
portant step in this process is the formation of germinal centers
where follicular T helper cells and B cells cooperate to increase
the potency of the B cells specific for the new antigen, via affinity
maturation of antigen-reactive antibodies. This is the textbook
vaccination for which we have both mechanistic and animal
models, and is the vaccinology that we study when we inject an-
imals (mostly mice) with a variety of antigens that are new for their
immune system. In most cases, we have sufficient technologies
and knowledge to develop vaccines against pathogens for which
the immune system is naïve. There are cases, however, where we
are not yet able to make vaccines. Examples are HIV, where the
virus changes so rapidly that vaccines are not effective, or malaria,
where the antigenic profile is very complex, and we struggle to
make effective vaccines.

Vaccines for a Primed Immune System. Some of the vaccines
described above, when delivered to adolescents, adults, or the
elderly, may find an immune system that has already been ex-
posed to the antigen, following natural infection or by other mi-
croorganisms carrying cross-reacting antigens (Fig. 3B). In this
case, the immune system is not naïve any longer, and the vaccines
are required to modify the preexisting immunity of antigen-
experienced people. Seasonal influenza is probably the best ex-
ample. In this case, we deliver a vaccine specific for a new influ-
enza virus strain to an immune system that has already gone
through the process of developing the response to the same
antigen and has already generated specific memory B and T cells.
The new vaccine quickly expands the preexisting memory B cells
and, at the same time, triggers the expansion and affinity matu-
ration of naïve B cells (38). However, it is clear that the first ex-
posure to the antigen has already shaped forever the way the
immune system reacts to subsequent encounters with the same
antigen. This phenomenon is known as “antigenic sin” (39). An-
other recent example is vaccination against dengue virus. In this
case, a vector-based vaccine was effective in boosting a preex-
isting immunity in seropositive people, while it was unable to
effectively prime the naïve immune system of naïve children
where it induced antibody-dependent disease enhancement,

Fig. 2. COVID-19 vaccines in development and their timeline to clinical testing in humans.
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which increased the risk of hospitalization (40). Meningococcal
and pneumococcal conjugate vaccines are another example (41).
When they are given to naïve infants, they prime the immune
system to the new antigen, and it takes at least two immunizations
to have a good immune response. However, when the same
vaccine is given to adolescents or the elderly, who have already
been exposed to these pathogens, one dose of vaccine is suffi-
cient to get an excellent immune response. Although there are no
definitive studies in humans describing the germinal center re-
sponse in this context, it is likely that the single vaccination elicits
an immediate antibody response—probably by an extrafollicular
transformation of memory B cells into plasma cells—and then the
immune system becomes refractory to any booster immunization
for a long period (as long as 2 y). In this period, more affinity
maturation happens, and new memory B cells are generated.
Only after that, the immune system is ready to respond to a
booster immunization with a massive level of antibodies which can
be as high as 10 times the response to the first immunization (41).
Unfortunately, we do not have animal models able to reproduce
what is described in the examples above, and we do not have a
mechanistic understanding of what it takes to vaccinate an

“experienced” immune system. The absence of animal models
and the lack of knowledge are serious limitations for the devel-
opment of new vaccines that target pathogens to which most
people have already been exposed by natural infection.

A big and urgent example in this category is bacteria resistant
to antibiotics and responsible for recurrent infections. AMR is a
slowly evolving pandemic, with predicted catastrophic conse-
quences for health and economy during the next 10 to 20 y (42).
Vaccines can help to tackle AMR (43). We urgently need vaccines
for pathogenic Escherichia coli, Staphylococcus aureus, Clostrid-
ium difficile, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Neisseria gonorrhoeae, Salmonella typhi, Shigella, Acinetobacter
baumannii, Enterococcus faecium, and Campylobacter (Fig. 3B).
Experimental vaccines against some of these pathogens are
based on proteins or polysaccharides which induce normal or low
response to the first vaccination when tested in naïve mice, fol-
lowed by a better response to the second and third vaccinations.
However, when adult volunteers were immunized with the same
vaccines, a strong response was observed already after the first
immunization, with no increased response to the second vacci-
nation (at least in the short term). The main reason for this is that

Fig. 3. Vaccines developed addressing naïve, previously exposed, and chronic infections. Green (A) are vaccines available or doable with existing
technologies. Bold, available vaccines. Yellow (B) and orange (C) are doable vaccines with increasing challenges for today’s technologies. Red (D)
are targets for which we do not yet have the scientific knowledge and technologies. HAV, hepatitis A virus; HBV, hepatitis B virus; HPV, human
papillomavirus; TB, tuberculosis; RSV, respiratory syncytial virus; AMR, antimicrobial resistance; E. coli, Escherichia coli; Staph, Staphylococcus
aureus; C. difficile, Clostridium difficile; GBS, group B Streptococcus; HSV1, herpes simplex virus 1; HSV2, herpes simplex virus 2; HHV, 6-7
human herpes viruses 6 and 7; CMV, cytomegalovirus; EBV, Epstein-Barr virus; HIV, human immunodeficiency virus; HCV, hepatitis C virus.
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adult volunteers have already been colonized by these bacteria or
by their relatives, and they already have memory B and T cells that
recognize them and respond to vaccination. In this setting, adju-
vants failed to increase the antibody response. The consequence
is that, during vaccine development, in most cases, we make the
choice to make a one-dose vaccine without adjuvant (44). How-
ever, we are not sure whether this is the right choice for long-term
protection, and some of the vaccines failed even the primary ef-
ficacy endpoint (45). While we do not yet fully understand the
mechanistics of immunizing a primed immune system, or the lack
of a protective immune response that allows reinfection, we have
enough technologies and empirical knowledge to develop new
vaccines for AMR. Similarly, we have enough knowledge to de-
velop vaccines for some viral diseases such as respiratory syncytial
virus, dengue, and Zika viruses even in adults and the elderly,
where the immune system has been usually primed by natural
infection.

Vaccines for an Immune System Primed by Controlled Chronic

Infections. The difficulty of making vaccines increases when the
immune system not only has already been primed by the expo-
sure to the pathogen but somehow has already been defeated by
it. The immune system has not been able to clear the pathogen,
which has established a lifelong chronic infection. In some cases,
once chronic infections are established, the immune system is still
able to keep at bay the pathogen for most of the time. This is the
case for herpes viruses (zoster, HSV1 and HSV2, EBV, and CMV)
and for bacteria such as Mycobacterium tuberculosis (Fig. 3C).
The pathogen establishes a latent infection and persists quietly in
the body without causing disease. However, due to concomitant
infections, immunosuppressive pharmacological treatments, or
aging, the immune system becomes weak, and the pathogen
takes over, causing disease.

Up to a few years ago, we had not a single example of a suc-
cessful vaccine against chronic infections. It took us 20 y of re-
search to start conquering some of them. The first step in this
direction was the licensure of the live attenuated vaccine against
herpes zoster in 2006 (46). Although this vaccine was not able to
eliminate the chronic infection, it was able to keep the chronic
virus silent and avoid reactivation in 60% of the cases. Recently, a
new vaccine composed of a protein antigen and the potent AS01
adjuvant (a liposome containing a TLR4 agonist and a saponin)
showed an efficacy of 97% against herpes zoster (47). This was
followed by encouraging results against tuberculosis, where the
combination of a protein antigen and the AS01 adjuvant was able

to prevent reactivation and disease in 50% of the chronically in-
fected people (48). The successful vaccines against herpes zoster
and the encouraging results against tuberculosis represent an
incredible milestone in the history of vaccination, because, for the
first time, we have been able to make effective vaccines against
chronic infections.

Vaccines for a Primed and Failed Immune System. There are
cases in which the immune system has been exposed to patho-
gens and has been completely defeated. Examples are chronic
infections, such as HIV, papillomavirus, hepatitis C virus (HCV),
hepatitis B virus (HBV), and cancer, where the immune system is
not able to control the pathogen or the cancer cells, which con-
tinue to replicate forever (Fig. 3D). So far, we have not been able
to make successful vaccines against these diseases, and we do not
have the scientific knowledge to make them. However, even this
area is not without hope, because the progress made by immu-
notherapy in the area of cancer has shown that the defeated im-
mune system is characterized by dormant regulatory T cells that
can be activated using antibodies against the checkpoint inhibi-
tors, removing the constrains imposed on the immune system
(49). The success of immunotherapy in the field of cancer and the
increased understanding of mechanistic features of the defeated
immune system suggest that, in the near future, vaccination may
also be able to conquer cancer and chronic diseases.

Conclusions
The urgent need for COVID-19 vaccines has accelerated the time
required to develop vaccines and the availability of powerful
technologies. It is possible that evolution of the new technologies
fast-tracked for COVID-19 (RNA vaccines, viral vectors, and
protein-based vaccines with potent adjuvants) combined with the
learning coming from immunotherapy will be the answer for some
of the new challenges of modern society such as emerging in-
fections, AMR, chronic infections, and cancer. For instance, RNA
vaccines and viral vectors may be designed to encode not only
antigens but also molecules able to reactivate the dormant
immune system.

Data Availability. All study data are included in the article.
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