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Short title: Innovative vaccine approaches

Graphical abstract

Efforts to ensure vaccination coverage to the ongoing, ever-changing COVID-19 pandemic and
to address pathogens currently unamenable to vaccines will require taking what has been learned
so far and expanding on it with novel vaccine platforms, deeper insights into the immune
response, new models to investigate vaccine efficacy, and a concerted global effort to facilitate
vaccine development, manufacturing, and distribution in low-to-middle income countries. On
Demand content: https://keysym.us/21EK50NYAS.

Abstract

The rapid development of COVID-19 vaccines was the result of both decades of research to
establish flexible vaccine platforms and understand pathogens with pandemic potential as well as
several novel changes to the vaccine discovery and development processes that partnered
industry and governments. And while vaccines offer the potential to drastically improve global
health, low-and-middle-income countries around the world often experience reduced access to
vaccines and reduced vaccine efficacy. Addressing these issues will require novel vaccine
approaches and platforms, deeper insight how vaccines mediate protection, and innovative trial
designs and models. On June 28 to 30, 2021, experts in vaccine research, development,
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manufacturing, and deployment met virtually for the Keystone eSymposium “Innovative
Vaccine Approaches” to discuss advances in vaccine research and development.

Key words: correlates of protection, COVID-19, human challenge studies, influenza,
pneumococcal disease, streptococcus, mRNA vaccine, vaccine equity.

Introduction

One of the key successes that emerged from the COVID-19 pandemic response was the speed at
which highly effective vaccines were developed, tested, and approved for use. While
unprecedented, these efforts leveraged decades of research into novel vaccine platforms and
technologies and have potentially changed the field of vaccinology forever. At the same time, the
vaccine distribution efforts exposed a lack of accountability globally to ensure equitable vaccine
distribution among low-to-middle income countries (LMICs). Efforts to ensure vaccination
coverage to the ongoing, ever-changing COVID-19 pandemic and to address pathogens currently
unamenable to vaccines will require applying and adapting what has been learned throughout the
pandemic in the context of novel vaccine platforms, deeper insights into the immune response,
new models to investigate vaccine efficacy, and concerted global efforts to facilitate vaccine
development, manufacturing, and distribution in LMICs.

On June 28 to 30, 2021, experts in vaccine research, development, manufacturing, and
deployment met virtually for the Keystone eSymposium “Innovative Vaccine Approaches” to
discuss advances in vaccine research and development. A large part of the meeting focused on
COVID-19 vaccines, including how changes in vaccine research, development, and regulatory
review led to the swift approval of several COVID-19 vaccines. Speakers also discussed how
COVID-19 vaccine efficacy may be impacted by emerging SARS-CoV-2 variants and how
emerging data in structural vaccinology and computational modeling can inform vaccination

strategies, such as boosters and developing pan-coronavirus vaccines.

The symposium also focused on vaccine research for pathogens prevalent in LMICs. While
vaccines are available for several important pathogens, such as rotavirus and Mycobacterium
tuberculosis, they have not been effective enough to eliminate the global burden of these
diseases. In addition, many unanswered questions remain about why some vaccines are more

effective at eliciting immune responses and protecting against disease in high-income countries



compared to LMICs. At the same time, there are many pathogens that have proven intractable to
vaccines that impart significant socioeconomic burden on LMICs. Recent developments in novel
vaccine platforms, reverse vaccinology, and systems immunology may offer novel approaches

for effective vaccines while changes to clinical trial paradigms, such as human challenge studies,

may accelerate the vaccine development timeline.

Keynote Address: Ten months to a COVID-19 vaccine—how did we

get here?

Rino Rappuoli from GSK presented an overview of how vaccine development has changed over
time and how changes to the clinical development process enabled the fastest vaccine
development ever in 2020 to combat COVID-19. In many ways, the rapid development of
COVID-19 vaccines marks a turning point in vaccine development. According to Rappuoli, “We
are at an inflection point in the history of vaccines. One of those points of no return...Vaccines

and vaccination will never be the same.”

Rappuoli recalled how during the 2009 H1N1 influenza pandemic, vaccines were developed too
late to have a major impact on the course of the pandemic.! In 2012, Rappuoli proposed ways to
shrink vaccine discovery and development timelines by 2020. At the time, advances in
technology, including genomics, reverse vaccinology, and new adjuvants, had already shortened
the discovery timeline for vaccines. These technologies allowed researchers to test multiple
approaches in parallel, markedly shortening the time to identify the best candidate vaccines and
formulations. At the same time, the clinical development timeline had increased dramatically
compared to previous decades. Clinical trial sample sizes had grown so that a vaccine candidate
entering phase 1 trials could require ten years of clinical testing. Rappuoli proposed that
parallelizing the development process as well could shorten the clinical development timeline.?

This was realized in 2020 during the development of COVID-19 vaccines.

Going into 2020, several new technologies were available to shorten the vaccine development
timeline, including the incorporation of new biomarkers into phase 3 studies. However, at the
time, Rappuoli predicted that development would still take 8-9 years. Rappuoli credited four

main advances with enabling the fast development of the COVID-19 vaccines: structural



vaccinology, i.e., using structural data to improve, stabilize, or engineer antigens; synthetic
biology, i.e., the ability to make synthetic genes for RNA-based vaccines; adjuvants; and
internet-based or digital vaccines. By internet-based vaccines, Rappuoli is referring to the
dissemination of viral genome sequences around the world to enable researchers to develop
vaccines without ever having the physical virus in their possession. This was first accomplished
in 2013 when the Chinese CDC uploaded the sequence of an influenza H7N9 avian strain
believed to have pandemic potential. Using the sequence, researchers synthesized viral genes and
created a synthetic virus and RNA vaccine ready for preclinical studies within one week.3* Prior
to this, vaccine development required shipping physical virus particles around the world, which
IS very time consuming and presents several logistical barriers. Similarly, publication of the
SARS-CoV-2 genome in early 2020 (Ref. 5) enabled researchers to quickly mine the genome for
likely antigens and develop synthetic genes. Ultimately, several vaccines were developed using
three main modalities. mMRNA vaccines entered clinical trials approximately two months after the
genome was available while viral vector and protein-based vaccines entered clinical trials

approximately three and six months, respectively, after the genome was available.

Despite all these technological advances, the rapid development of the COVID-19 vaccines
would not have been possible without the historic financial support from the public sector.
Vaccine development typically consists of sequential preclinical, phase 1, phase 2, and phase 3
studies, with each step being more costly than the last. Therefore, companies are understandably
hesitant to take on the financial risk of investing in later, more expensive stages of development
until a candidate has succeeded in earlier studies. However, in the case of COVID-19,
investments by governments worldwide shifted the financial risk from industry to the public
sector, enabling companies to parallelize the development process and conduct later-stage trials
before earlier studies were complete. This ultimately shrank the typical vaccine development
process from up to 20 years to 10 months. Rappuoli stressed that this only affected the financial
risk. None of the development steps necessary to assess vaccine safety and efficacy were skipped

or compromised.

These technologic changes and public sector investments made it possible for vaccine types (e.g.,
MRNA.- and adenovirus- based) to be available in time to alter the course of the SARS-CoV-2
pandemic. The then available vaccines produced sufficient neutralizing antibodies (nAbs) to
provide protection from symptomatic SARS-CoV-2 infection.® One of the key questions at the



time of the symposium was whether vaccines would similarly protect against emerging variants.
The evidence so far suggests that vaccine-induced immunity is stronger than natural immunity
and will likely be able to defend against new variants. In addition, hybrid immunity, which
occurs when natural immunity is combined with vaccine-generated immunity, may provide even
greater protection than either form alone, suggesting that there is much to be hopeful about as

vaccination rates continue to rise.’

COVID-19 vaccines: efficacy against viral variants

When the COVID-19 pandemic began, vaccine research on coronaviruses was well established.
Two prior outbreaks, SARS in 2002 and MERS in 2012, had raised the alarm that coronaviruses
had the potential for pandemic spread. While these outbreaks resolved without the need for
vaccines, they helped to drive research that identified the spike protein as a key target for
protective immune responses. In fact, a phase 1 trial of a viral vector vaccine that expresses
MERS spike protein had been published in mid-2020, months before SARS-CoV-2 emerged.®
Therefore, when the SARS-CoV-2 genome was released around the world in early 2020,
researchers were equipped with both the knowledge and the tools to quickly develop a vaccine.
In 2021, several COVID-19 vaccines are available that use the spike protein as the target for
immune response, including protein-based vaccines, inactivated virus, viral vectors, and mMRNA
vaccines. Several speakers discussed the development, efficacy, and protection against SARS-

CoV-2 variants of COVID-19 vaccines, representing several vaccines platforms.

The Moderna mRNA COVID-19 vaccine, mMRNA-1273

Andrea Carfi from Moderna described the development of its mMRNA COVID-19 vaccine and
the company’s approach to prepare for emerging variants of concern. The vaccine consists of a
codon-optimized mRNA that codes for the SARS-CoV-2 spike protein surrounded by a lipid
nanoparticle that protects the mRNA from degradation, delivers it to cells, and facilitates mMRNA
escape from the endosome. Lipid nanoparticles are taken up by antigen-presenting cells (APC) at
the site of administration and in the draining lymph nodes. APCs then express and present the

viral spike protein, thus initiating an adaptive immune response. MRNA as a vaccine platform is



well suited for pandemic responses as vaccines can easily be modified or updated by changing
the mRNA sequence to that of a new antigen. The manufacturing process and reagents remain
the same. While the COVID-19 mRNA vaccines were the first used widely in humans, Carfi
stressed that Moderna invested in this technology for over 10 years and, prior to the SARS-CoV-
2 pandemic, had conducted several clinical studies targeting respiratory viruses that

demonstrated both the immunogenicity and tolerability of Moderna mRNA vaccines.

When the SARS-CoV-2 genome was released in early 2020, Moderna designed and optimized an
MRNA vaccine with the SARS-CoV-2 spike protein. An NIH-sponsored phase 1 study started
approximately two months later. Carfi stressed that funding from sources such as the Biomedical
Advanced Research and Development Authority (BARDA) and close interactions with
regulatory agencies enabled Moderna to accelerate the development timeline. Interim phase 3
study results were available in November 2020. The vaccine received FDA emergency use
authorization (EUA) in December 2020 and EMA conditional marketing authorization (CMA) in
January 2021.

In preclinical studies, the vaccine induced robust antibody responses to the SARS-CoV-2 spike
protein that inhibited the interaction between virus and the ACE2 receptor and protected against
viral replication. In the phase 1 clinical trial, conducted in 120 individuals, the vaccine elicited
comparable nAb titers across age groups as well as a Tr1 biased CD4* T-cell response.® The
phase 3 study was a placebo-controlled trial conducted in over 30,000 adults in the US. The
vaccine demonstrate 94% efficacy in the primary endpoint of preventing symptomatic COVID-
19 as well as 100% efficacy in preventing severe disease.’° Data in adolescents showed similarly
high efficacy. A separate study is underway to test the safety, tolerability, and efficacy of
MRNA-1273 in individuals 6 months to 11 years of age.

One of the primary concerns for vaccines at this point is how well they protect against emerging
variants. Sera from subjects in the mMRNA-1273 phase 1 trial showed that several variants
demonstrate a decrease in neutralizing response. Moderna has updated its vaccine to target
variants of concern. A phase 2 trial is underway to investigate several boosting strategies in
individuals fully vaccinated with mRNA-1273: a boosting dose against the B.1.351 (beta) variant
(mRNA-1273.351), a boosting dose with a multivalent vaccine against both the original SARS-
CoV-2 and the beta variant (MRNA-1273 + mMRNA1273.351), and a boosting dose with mRNA-



1273. In mice, boosting with mMRNA-1273.351 produced a comparable neutralizing response
against both the original strain and the beta variant.!! Studies ongoing in mice, hamsters, and
nonhuman primates (NHP) are underway to evaluate boosting with monovalent mRNA-1273 or
MRNA1273.351 and multivalent mMRNA.1273.211. Preliminary data in humans show that a
boosting dose of either MRNA-1273 or mMRNA-1273.351 increased the nAb response against all

variants tested.!2

The Oxford viral vector vaccine ChAdOx-nCov9

Andrew Pollard from the University of Oxford reviewed the development of the Oxford viral
vector vaccine, ChAdOx-nCoV9. Phase 1 and 2 clinical studies in early 2020 demonstrated the
benefit of a two-dose regimen in eliciting nAbs as well as a strong T-cell response. Data in older
adults (>55 years) showed that two doses elicited similar antibody titers as younger
participants.®!* Phase 3 trials across the UK, Brazil, and South Africa showed that the vaccine
had 100% efficacy in preventing hospitalization, severe disease, and death as well as high
efficacy against mild infection.™ The vaccine was authorized in the UK in December 2020.
Since then, real-world data demonstrate that the vaccine has high effectiveness against
hospitalization in all age groups.t®” These data have informed the vaccine rollout strategy in the
UK, which has prioritized offering individuals first doses.'® Additional studies are ongoing in
collaboration with AstraZeneca in the US, Russia, Japan, and India. In total, almost 60,000
subjects were included across the phase 3 program. Pollard stressed that, although the timeline
from first dose to authorization was significantly shorter than in the past, the clinical
development and regulatory processes remained robust. Similar to other vaccines, vaccine
efficacy against infection and mild disease is likely to wane as new variants emerge; however,
real-world data with the delta variant has so far suggested that the vaccine provides high

protection against hospitalization and severe disease.®?°

One of the key goals of the Oxford Vaccine Group was to ensure broad global equity in vaccine
access. Pollard noted that their partnership with AstraZeneca provides a global manufacturing
network and established supply capacity to enable broad, equitable access worldwide. While
there is clearly considerable inequity between high and low-income countries in vaccine access,

the Oxford-AstraZeneca vaccine is currently the most widely distributed and has been



administered in over 180 countries, including many countries in Africa that do not have access to

other vaccines.?

INO-4800, a DNA vaccine for COVID-19

Viviane Machado from Inovio Pharmaceuticals presented immunogenicity data on INO-4800, a
DNA vaccine for COVID-19, against SARS-CoV-2 variants. DNA vaccines consist of the DNA
sequence of an antigen of interest incorporated into an expression vector and administered into
the muscle or skin via electroporation. Transfected cells express the antigen, generating an
immune response. INO-4800 contains the DNA sequence of the SARS-CoV-2 spike protein.
Since DNA vaccines mimic natural infection in harnessing the host machinery for antigen
production, it is hoped that they will induce a similar immune response as natural infection as
well. In a phase 1 trial, INO-4800 was shown to be safe and tolerable and to generate

neutralizing and cellular responses.?? A phase 2/3 study is being planned.?

Both animal data as well as samples from subjects immunized in the phase 1 trial indicated that
INO-4800 induces both cellular and humoral immune responses against the alpha, beta, and
gamma SARS-CoV-2 variants. The vaccine generated comparable 1gG antibody titers against all
variants tested. It also generated neutralizing responses against all variants, though there was a
modest reduction in neutralization titers for alpha and beta variants. T cell responses were
maintained as well in vaccinated individuals.?*?® In a challenge study, INO-4800 protected
hamsters from body weight loss after challenge with the beta variant (see
https://doi.org/10.1101/2021.05.11.443592).

A SARS-CoV-2 ferritin nanoparticle vaccine

Kayvon Modjarrad from Walter Reed Army Institute of Research presented the efficacy of a
SARS-CoV-2 ferritin nanoparticle vaccine in NHPs. Ferritin is a ubiquitous protein that self-
assembles into a polymer. To create a vaccine, antigens are linked to ferritin monomers, and the
monomers self-assemble into nanoparticles. Ferritin-based influenza vaccines that incorporate

the hemagglutinin (HA) stem have demonstrated broad neutralization in clinical trials.?6



Modjarrad’s group is investigating the use of ferritin nanoparticles to address multiple viral

pathogens to elicit protection against a range of viruses within a given family.

Modjarrad described preclinical results for a SARS-CoV-2 spike ferritin nanoparticle (SpFN)
administered with ALFQ, a liposomal adjuvant containing MPLA and QS-21. The group has
also designed a receptor-binding domain (RBD) nanoparticle vaccine. In mouse studies, SpFN
induced potent nAb responses and protected against challenge.?®2° In NHPs, SpFN co-
formulated with ALFQ elicited a potent nAb response against wild-type SARS-CoV-2 and the
alpha and beta variants as well as a good response against SARS-CoV-1. Further characterization
of the immune response showed a strongly biased Tnl CD4" T-cell response and an engaged
memory response. SpFN also protected against viral replication in the lungs and airways after
challenge.3%3! SpFN is currently being investigated in a phase 1 study.*?

COVID-19 vaccines: efforts on pan-coronavirus vaccines

The emergence of variants has called into question whether updated vaccines or boosting doses
should be recommended to maintain high levels of immunity among the population. Several
speakers discussed another approach—developing a pan-coronavirus vaccine that could protect

against future variants and potentially against future pandemic strains.

Understanding how SARS-CoV-2 achieves genetic diversity

Ravi Gupta from the University of Cambridge discussed how SARS-CoV-2 has achieved its
genetic diversity. As discussed previously, the broad picture that is emerging indicates that
current vaccines typically show a decrease in the nAb response to the alpha, beta, and delta
variants. Currently, the real-world impact of this is that vaccinated individuals are at increased
risk of breakthrough infection by the variants, but protection against severe disease and death

remains high.33-42

Gupta described what is currently known about how SARS-CoV-2 mutates and gave an
overview of the efficacy of current vaccines against several variants. Since SARS-CoV-2

emerged in late 2019, it has experienced a huge increase in diversity. However, several features



of SARS-CoV-2 suggest that there is relatively low selection pressure on the virus to evolve. The
mutation rate is estimated to be relatively modest; it has a short incubation period and can be
transmitted by asymptomatic individuals. Generally, viral mutations are a result of either
antigenic drift (caused by errors during replication) or antigenic shift (caused by recombination
of viral RNA within a host cell). Gupta noted that SARS-CoV-2 is changing this paradigm of
viral evolution. There is currently limited evidence for recombination in humans. Instead, SARS-
CoV-2 appears to have achieved diversity via chronic infection. Gupta’s group has tracked viral
genetic diversity over time in individuals infected with SARS-CoV-2 and showed how different
viral variants arise and decline within a given patient. Prolonged viral shedding in chronically

infected patients can thereby be a source of new variants in the population at large.***

Efforts to develop a pan-coronavirus vaccine were recently published by Saunders et al. in which
the authors developed a ferritin nanoparticle vaccine using a highly conserved spike protein
epitope. The vaccine demonstrated neutralizing activity against wild-type and beta SARS-CoV-2
variants as well as against SARS-CoV-1 and other coronaviruses.*® Gupta noted that this is a
promising first step to stop chasing viral variants and address the diversity of coronaviruses.

Structural insights on neutralization to inform the design of broadly active vaccines

Pamela Bjorkman from California Institute of Technology discussed their group’s work to
identify structural correlates of neutralization to SARS-CoV-2, with the goal of informing a more
broadly cross-reactive vaccine. Cryo-EM structures of approximately 30 nAbs from convalescent
COVID-19 patients bound to the SARS-CoV-2 spike trimer reveal several common epitopes and
binding modes. They have classified these binding modes into four main groups based on
whether the nAb blocks the interaction between the spiker trimer and ACE2, which the virus
uses to gain entry into the cell, and the position of the three RBDs. Class 1 nAbs block ACE2
binding and bind to the RBDs when they are in an up position on the spike trimer. Class 2 nAbs
block ACE2 binding and bind to the spike trimer when RBDs are in either the down or in an up
position. Class 3 nAbs do not overlap with the ACE2 binding footprint and bind to the spike
trimer when the RBDs are an up or in the down position. Class 4 nAbs do not block ACE2
binding and bind to RBDs in an up position.*”*8 Additional studies have verified that antibodies
elicited by mRNA vaccines are functionally similar to those induced by natural infection.



Vaccine-induced antibodies are mostly Class 1 and Class 2, indicating that APCs present spike
trimers that adopt RBD conformations similar to those observed on SARS-CoV-2 virions.
However, Class 1 and Class 2 epitopes, which are located near the end of the RBD, are more

variable and are the sites of mutation in SARS-CoV-2 variants.*®

Bjorkman’s group is using the insights gained from these antibody structures to develop a pan-
sarbecovirus vaccine that protects against all SARS-like beta coronaviruses (Fig. 1). The hope is
to elicit Class 3 and Class 4 antibodies that bind to the more conserved, though less accessible,
regions of the RBD. They have developed a mosaic nanoparticle that incorporates RBDs from
various SARS-like coronaviruses, including those with spillover potential from animal
reservoirs. Bjorkman hypothesized that B-cell receptors (BCRs) that bind with avidity to a
conserved epitope present on multiple different antigens would be preferentially stimulated,
potentially leading to the production of cross-reactive antibodies. Preclinical data suggest that
mosaic nanoparticles have the potential to protect against current SARS-CoV-2 infection, against
current and future variants, and potentially against emerging sarbecovirus strains. In mice,
nanoparticles that co-display SARS-CoV-2 RBD with RBDs from other viruses elicited similar
anti-SARS-CoV-2 nAb responses as a homotypic SARS-CoV-2 nanoparticle. In addition, mosaic
co-display also achieved neutralization of strains included in the nanoparticle as well as strains
not included, suggesting that this approach can achieve broad protection against sarbecoviruses,
including those not represented in the vaccine itself.>

Integrated single-cell ‘omics analyses on COVID-19 immune responses

Catherine Blish from Stanford University presented their work using single-cell ‘omics to
inform pan-vaccine development strategies for SARS-CoV-2. Blish stressed the need to evaluate
not only cases of severe COVID-19 disease but also of mild disease to understand what a good,
effective immune response looks like and devise strategies to facilitate such a response. Blish’s
group recently showed via single-cell RNA sequencing (SCRNA-seq) that patients with severe
COVID-19 show a significant reconfiguration of the monocyte populations.®! In a more recent
study, Blish’s group conducted scRNA-seq, SCATAC-seq, and CyTOF analyses to identify
correlates of mild, moderate, and severe COVID-19 (Fig. 2).%? Transcriptomics data from 33
COVID-19 patients across the disease spectrum revealed that neutrophil populations can



accurately predict disease and disease severity. In particular, a population of developing
neutrophils was enriched in patients with fatal disease. In addition, monocyte populations in
uninfected controls and those with mild disease overlapped, potentially indicating that the
absence of a monocyte-mediated inflammatory response may correlate with protection.>? Using
an integrated analysis of multimodal single-cell data, Blish’s group achieved a more fine-grain
analysis of lymphocytes subsets.> They showed that neutrophils, CD16 and CD14 monocytes,
and CD8* T effector memory cells are among the most perturbed populations in COVID-19. In
particular, monocytes have taken on a myeloid-derived suppressor cell (MDSC)-like phenotype
in severe disease characterized by poor pro-inflammatory cytokine secretion. Transcription
factor analyses showed decreased NF-xB binding activity associates with disease severity while
SCATAC-seq data showed changes in chromatic accessibility at the I11B locus in severe and fatal
disease. Together, these data indicate that aberrant decreases in NF-kB activity in severe COVD-
19 may result in loss of accessibility at cytokine gene enhancers and subsequent decreased
cytokine expression in peripheral monoctyes.* Previous studies have also shown that
vaccination against influenza can reconfigure the epigenomic and transcriptional landscape.>*
Blish stressed that similar ‘omics analyses of the effects of COVID-19 vaccination would be
instrumental in understanding how vaccines prime the innate immune response. Blish ended their

presentation with unpublished work on the role of adipose tissue in SARS-CoV-2 infection.

Toward a universal influenza virus vaccine—parallels for a pan-

coronavirus vaccine

Florian Krammer from the Icahn School of Medicine at Mount Sinai presented their work on
developing a universal influenza vaccine. Influenza viruses are extremely diverse. Influenza A
and B viruses are responsible for disease in humans and can be divided into several different
subtypes based on the antigenic properties of their surface glycoproteins, most notably HA and
neuraminidase (NA).> Krammer gave an overview of how the predominant influenzas virus
subtypes have changed over time. Influenza virus has been responsible for several pandemics
over the years, the HIN1 influenza pandemic in 1918 as well as an H2N2 pandemic in 1957 and

H3N2 pandemic in 1968. As populations develop immunity to a given strain, antigenic shift and



drift enable new strains to take hold. At this time, the primary circulating influenza viruses are
H1IN1, H3N2, and influenza B virus. This diversity, the ability to mutate, and the ability of
influenza viruses to spill over from animal reservoirs make it difficult to develop a universal
influenza vaccine. Such a vaccine would be instrumental in protecting against not only seasonal

strains that experience antigenic drift throughout the year but also emerging pandemic strains.

Current influenza vaccines target the globular head domain of HA, which mediates binding to
the host cell. While this region is an immunodominant antigen for influenza virus and elicits a
strong nAb response, it is also the primary site of antigenic drift. In contrast, the HA stalk
domain is more conserved across viral subtypes but does not elicit as strong of an immune
response.®® Antibodies against the stalk domain are not significantly induced or boosted upon
regular seasonal vaccination. However, they have demonstrated broad neutralizing activity that
spans influenza subtypes and have been showed to independently correlate with protection from

H1N1 infection in humans.®”°8

Krammer’s group is working on vaccination strategies to induce protective levels of broadly
nAbs against the HA stalk domain. They have designed chimeric HA proteins that consist of a
head domain from one subtype and a stalk domain from another.*® Sequential administration of
vaccines that contain different head domains but the same stalk domain would therefore be
expected to elicit a primary immune response against the head domain after each dose while
generating a recall response against the stalk domain after each boosting dose. Preclinical studies
showed that sequential immunization with chimeric HA proteins induced broadly reactive anti-
stalk antibodies and protected animals from challenge with heterologous and/or heterosubtypic

virus strains with good protection against emerging viruses.®%-%

The ability of chimeric HA immunization to elicit broadly cross-reactive antibodies against the
HA stalk domain was tested in a placebo-controlled, phase 1 clinical trial. The study investigated
different routes of administration of live, attenuated, and inactivated vaccines with and without
an adjuvant. The adjuvanted inactivated vaccine induced a strong, broad stalk-reactive 19gG
responses across group 1 viruses even after one dose.®® Krammer noted that a truly universal
influenza vaccine will require components from group 1, group 2, and influenza B viruses. A
vaccine containing group 2 and influenza B constructs will be tested in clinical trials with group

1 vaccines. Krammer hopes that lessons learned from these studies can help to inform efforts to



develop a pan-coronavirus vaccine to combat the diversity of coronaviruses present to date as

well as new variants that emerge in the future.

Modeling impacts of COVID-19 vaccination strategies

Predicting how COVID-19 case rates will change is a complex problem that integrates disease

control measures, vaccination strategies, immunology, epidemiology, and viral evolution.

Caroline E. Wagner from McGill University described work in collaboration with researchers
at Princeton University to create a framework to model these concepts and project COVID-19
case rates based on different assumptions related to the strength and duration of natural and
vaccine-mediated immune responses, vaccine dosing strategies, and vaccine sharing between

regions.

It is currently unknown how long natural or vaccine-mediated immunity to COVID-19 will last.
Leveraging a model by Morris et al.,” Wagner and colleagues modeled several scenarios for the
future trajectories of the magnitude and timing of COVID-19 cases based on different
assumptions of the strength and duration of adaptive immunes response following primary and
secondary infections as well as vaccination.®® They adapted their framework to project the
epidemiological and evolutionary implications of vaccination, specifically looking at the effects
of different spacings of the doses for two-dose vaccines. The model accounts for several
immune categories, including one-dose and two-dose vaccine immunity, waned one-dose and
two-dose vaccine immunity, and infection after one or two doses. They considered scenarios in
which a single vaccine dose elicits robust immunity and one in which it elicits poor immunity.
The model predicted that a strategy that focuses on vaccinating as many people as possible with
their first dose is effective at curbing the size of the first epidemic peak after vaccination begins,
but longer-term effects are less clear. If the first dose does not elicit robust immunity, this
strategy may lead to more and larger peaks in infection as one-dose immunity wanes compared
to a strategy where both doses are given in more rapid succession. Further, while a one-dose
strategy may increase the number of people immunized and reduce infections in the short term,

in the longer term, the recommended two doses should be given to mitigate the potential for



antigenic evolution due to secondary infections in partially immune populations (i.e. those with

waned natural or vaccinal immunity).®

To model how vaccination strategies may impact viral evolution, they considered that one or two
vaccine doses and natural infections may have different effects on immunity and could therefore
differentially contribute to viral evolution upon subsequent infection.®® This draws on classical
work by Grenfell et al., which posits that viral replication rates and selection may be intricately
linked within hosts. In individuals with low immunity, replication rates are high, but selection is
expected to be low. On the other hand, in individuals with high immunity, replication rates are
low, but selection is expected to be high. In individuals with intermediate immunity, there may
be a sweet spot wherein viral replication and selection are high enough to maximize the potential
for viral adaptation.” Their results thus show that the burden and timing of COVID-19 infections
and the potential for viral adaptation are shaped by immune responses following natural infection

and 1 or 2 vaccine doses in the short and long term.®

Finally, Wagner and colleagues showed how different vaccine allocation schemes between
regions may have epidemiological and evolutionary implications. The model considered two
interacting countries, one with high access to vaccines and one with low access that receives a
specific fraction of vaccines from the other region. They considered scenarios in which
individuals do (coupled) or do not (decoupled) move between the two regions, and in which the
potential for viral adaptation may result in global transmission increases, simplistically
simulating viral evolution (coupled). In both the decoupled and coupled frameworks and across a
range of immunological scenarios, they found that sharing vaccines was effective for decreasing
the potential for viral evolution. In the decoupled framework for symmetric country
characteristics, vaccine sharing also uniformly maintained or reduced the equilibrium infection
burden. In both frameworks, the burden of Covid-19 under a given vaccine sharing scheme was
found to be sensitive to the global vaccination rate, the strength and duration of natural and
vaccinal immunity, and asymmetries between countries (i.e., in terms of population size and
national transmission rates) (Fig. 3). These results emphasize the importance of rapid and

equitable vaccine distribution.”



Pandemic preparedness: Lessons from COVID-19

Identifying correlates of protection in COVID-19 vaccine phase 3 trials

Lawrence Corey and Peter Gilbert from Fred Hutchinson Cancer Research Center described
the approach to identify correlates of protection (CoPs) in the phase 3 efficacy trials conducted
under the US government Operation Warp Speed program. Incorporating CoPs was an important
aspect of harmonizing the clinical development process to increase the chances of demonstrating
vaccine efficacy. Toward that goal, the Accelerating COVID-19 Therapeutic Interventions and
Vaccines (ACTIV) public-private partnership streamlined the clinical trials so that they reported
common efficacy endpoints and worked with collaborating laboratories to define COVID-19
infection post vaccination and quantify immune responses. These harmonization steps also

enable within and between-trial statistical groups to identify CoPs.”

Originally, it was believed that a mechanistic correlate of protection could be identified early in
the clinical development process that could be used to infer vaccine efficacy across different
platforms so that CoPs could be used as endpoints in subsequent trials precluding the need for a
placebo group. However, it now appears that CoPs are vaccine specific. While they have not
been used to infer efficacy across vaccine platforms, they have been instrumental in inferring
efficacy between different populations within a vaccine type. For example, for clinical trials in
children and teenagers, immunogenicity correlates are major components of regulatory approval
based on the larger placebo-controlled phase 3 trials in adults. Efficacy studies of monoclonal
antibody treatments suggest that neutralization titers are a mechanistic CoP. It appears that CoPs
for vaccines are more complex as vaccines can offer significant protection against SARS-CoV-2

variants despite decreases in neutralizing activity.

Gilbert described how the statistical group at the COVID-19 Prevention Network (CoVPN) has
been analyzing data from phase 3 trials to do a consistent analysis for correlates of risk (how
well antibody markers predict protection against disease) and CoPs (how vaccine efficacy varies
across different antibody markers). They are also looking at how these correlates are affected by
population demographics, prior infection status, time since vaccination, and virus
genotype/phenotype. Correlates of protection have been instrumental in HIV-1 vaccine trials.
Such analyses have shown that T cell markers provide good predictive value of protection and

that combination markers of T cell and antibody characteristics can provide improved predictive



value.”'® With regard to COVID-19, a recent study on the ChAdOx1 nCoV-19 vaccine suggests
that live virus neutralization assay may be a strong correlate of efficacy.”’

Several questions remain regarding CoPs to COVID-19, including whether CoPs defined earlier
in the pandemic when there was little strain variation will be applicable to current and future
variants. In addition, cellular immunity was not systematically analyzed in the phase 3 clinical

trials; it may be difficult to assess the impact of cell-mediated immunity on protection.

The impact of COVID-19 on the regulatory landscape

Gordon Dougan from the University of Cambridge discussed the impact of the development of
COVID-19 vaccines on the regulatory process and how vaccine regulation can be improved in
the future to improve vaccine equity. National and regional regulatory authorities are critical for
ensuring that vaccines targeted are protective and efficacious and reach international standards of
quality and safety. Dougan stressed the importance that all countries have an effective national
regulatory authority (NRA) that is independent of political and commercial interference and has
enforcement power to protect the populations they serve, for example, by removing vaccines
from the market if they do not meet certain standards. While many Western countries have
strong NRAs, such as the U.S. FDA and the EMA in the EU, many national NRAs are
essentially non-functional. Lack of vaccine regulation leaves populations vulnerable to
exploitation through poor quality vaccines, vaccines designed for other regions where the
variants differ, or unaffordable vaccines. To compensate for the lack of regional regulation, the
WHO has established the Strategic Advisory Group of Experts on Immunization (SAGE), which
advises the WHO on aspects of vaccine development, manufacturing, and usage and sets a

minimum international standard of quality for a vaccine through pre-qualification.

As several speakers described, COVID-19 vaccines were developed so quickly due in part to
financial input from the public that allowed pharmaceutical companies to take on the financial
risk of conducting several steps of the clinical development process in parallel as opposed to
sequentially. However, regulatory authorities also approved vaccine candidates in record time.
Many countries used their emergency regulation review processes, which allows vaccine
candidates to be approved on a provisionary basis as more data are collected. In addition, the fact
that several vaccines using multiple platforms showed such high efficacy made it easier to weigh



the benefit-to-risk ratio of vaccination. Dougan also described the Medicines and Healthcare
products Regulatory Agency’s (MHRA) vaccine review process in the UK, which included
several groups of internal and external experts as well as ongoing conversations with other
international regulatory bodies. Finally, many preclinical datasets typically included in a
candidate vaccine dossier were eliminated or merged as the emergence of clinical data rendered

them unnecessary.

Dougan ended with thoughts on how vaccine equity can be improved by using systems within
LMICs to develop vaccines as opposed to going through Western development and regulatory
processes, which can be timely and expensive. Typhoid conjugates, oral cholera, and rotavirus
vaccines have already been taken through this route. However, expanding this to more vaccines
and to other regions, such as Africa, will require expanding and establishing the global

regulatory structure as well as regional manufacturing and regulation.

Toward equitable vaccine manufacturing, distribution, and roll-out

Nicole Lurie from the Coalition for Epidemic Preparedness Innovations (CEPI) discussed the
organization’s efforts to ensure sufficient manufacturing capacity and equitable distribution of
COVID-19 vaccines. CEPI was established in 2017 to develop vaccines for viruses with
epidemic potential. In January 2020, when SARS-CoV-2 appeared on the global stage, CEPI was
involved in developing a vaccine for another coronavirus, MERS. They shifted their vaccine
development efforts to focus on the emerging pandemic, but it quickly became clear that there
was no global system to finance or facilitate an end-to-end vaccine response, from vaccine
manufacturing and procurement to distribution. One of the issues with not having a global
financing system for vaccine development is that there were no entities that could make at-risk
investments for LMIC. High-income countries like the US and UK made at-risk investments for
vaccine development and at-risk commitments to purchase vaccines. This allowed countries to
make bilateral deals with pharmaceutical companies to ensure sufficient supply for their country
but left many LMICs out of the loop. To address this gap, CEPI co-founded COVAX in
partnership with Gavi and the WHO, with an aim to accelerate the development and

manufacturing of COVID-19 vaccines while ensuring fair and equitable access around the world.



In addition to establishing processes for global vaccine manufacturing and distribution, it is also
key to ensure that there are enough resources and materials to manufacture vaccines. An
estimated 10 to 14 billion doses of COVID-19 vaccines will be required, on top of the 4to 5
billion vaccine doses that are typically manufactured annually. As manufacturing of COVID-19
vaccines ramped up, raw materials became scarcer. Lurie stressed that suppliers need to have a
commitment from buyers to invest in increasing their manufacturing capacity. In the case of
COVID-19 vaccines, that demand signal came too late for suppliers to ramp up production in
time to prevent acute shortages. In addition, export and customs regulations between countries
can slow down the shipment of goods and affect the entire supply chain. To address these
problems, CEPI has reserved manufacturing capacity at a network of facilities around the world
and secured raw materials as a hedge against any one country buying up supplies to ensure
equitable access. They have also engaged the World Trade Organization (WTO) to facilitate the
free flow of goods around the world and set up a confidential marketplace to bring together
vaccine manufacturers and raw material manufacturers. Lurie stressed that while these systems
were put in place to address COVID-19, they are designed to endure to address future pandemics

and supply chain issues.

Panel discussion

The session ended with a panel discussion with Corey, Dougan, Gilbert, and Lurie moderated
by Shabir Madhi and Christopher Karp about how to improve vaccine equity. Dougan noted
that addressing ongoing pandemics that primarily affect LMICs, such as tuberculosis, HIV, and
malaria, will require participation not only from large coalitions and funders like COVAX and
the Gates Foundation but also country and community participation. In resource-limited settings,

efforts often do not endure due to lack of support from local communities.

Lurie stressed that more equitable distribution will require improving regional regulatory
systems and laboratories to establish regional manufacturing capacity, which is virtually
nonexistent in places like Africa. Without a strong regulatory system, the need to develop
vaccines quickly, to identify correlates of response, and inherent vaccine nationalism can lead to
vaccines being authorized with a subpar level of evidence. Although there is currently an acute
need to establish stronger systems in LMICs, these gaps require long-term solutions that include



establishing an educated skilled workforce. At its core, this consists of building a foundation via
sustainable models for science education and research and development as well as addressing the
brain drain of educated individuals to wealthier countries. To begin to address this, CEPI has
engaged investigators in LMIC countries to collect epidemiologic data and conduct laboratory
analyses to increase their capacity to conduct clinical trials. In addition to building out the
research and development capacity, there is also a need to increase manufacturing capacity in
LMICs. Lurie noted that for manufacturing capacity to endure, there must be a sustainable
business case for manufacturers. If MRNA vaccines prove to be an enduring technology for
future pandemics, given the flexibility and high efficacy seen with COVID-19, transferring that
technology to regions like Africa may not be feasible to address COVID-19; however, the
panelists are hopeful that advances in tuberculosis and HIV vaccines can provide a sustainable

market to make manufacturing worthwhile for the private sector.

When asked how the next pandemic can be better addressed, Dougan noted how COVID-19
revealed the value of a global surveillance system to both track disease and monitor threats. The
systems developed during COVID-19 may facilitate earlier identification of novel threats.
Gilbert stressed the need to characterize breakthrough cases to validate CoPs and ultimately use
viral genotype to predict how different vaccines will work in different settings. Corey noted that
the pandemic response could have been improved by repurposing academia more efficiently,
particularly early in the pandemic when diagnostic tests were slow to be developed. In addition,
funding for a concerted strategy and public-private partnerships proved to be so instrumental in
making vaccines available. In the future, having a more global perspective early on can ensure
that these types of collaborations benefit the world and not just wealthier countries. Lurie also
stressed the need for processes and global accountability for developing diagnostics, vaccines,
and therapeutics, with adequate regional funding and the capacity for surge funding to facilitate

manufacturing when these products are available.

Identifying correlates of immune protection

Understanding the humoral immune response to vaccines and the immune correlates that mediate
protection against disease is particularly critical in this new age of shortened vaccine

development timelines. Established CoPs have the potential to be used as surrogate endpoints in



clinical trials to determine the efficacy of vaccine candidates without the need for large, time-

consuming placebo-controlled trials.

Systematic approaches to identifying immune correlates of response in COVID-19

Galit Alter from MIT and Harvard University is developing tools to holistically and objectively
profile the types of humoral immune responses that antibodies can elicit to understand which
mechanisms are most relevant to protection and help to guide vaccine development. Using
systems serology and a number of parallelized assays linked to machine learning developed in
collaboration with the Gates Foundation, the group can profile the biophysical and functional
characteristics of antibodies, such as the overall levels of antibodies of different subclasses and
isotypes for numerous epitopes, antigen-specific antibody binding to Fc receptors, post-
translational modifications on antibodies, and the ability of antibodies to recruit effects on
complement, neutrophils, dendritic cells, macrophages, adaptive immune cells, and other
immunological functions. The system integrates all this information and uses machine learning
to identify patterns associated with clinical outcomes to essentially understand the biophysical

and functional features of antibodies associated with disease control.

Alter’s group has used this approach to understand the immune response to SARS-CoV-2
infection and COVID-19 vaccines. COVID-19 vaccines have showed impressive protection
across various platforms. As viral variants have emerged, there has been concern over whether
the vaccines would continue to provide protection. Reports from J&J and Pfizer indicate that
while vaccines show loss of nAb activity against the variants, they continue to protect against
disease. While nAbs that bind to a pathogen and block infection through neutralization are
typically regarded to be key to immunity, antibodies are involved in many other functions. The
majority of antibodies survey tissues and the periphery for pathogens or pathogen components on
infected cells and act as recruiters of the immune system. Current data on SARS-CoV-2 variants
suggest that other factors outside of neutralization may be instrumental for protection.
Understanding these factors can help when designing next generation COVID-19 vaccines and to

strategically boost immunity when immunity starts to wane.

Applying a systems serology approach to patients with COVID-19 identified distinct patterns of
antibody responses among patients who survived and those who died. Survivors had early high



titers of spike-1gG antibodies while nonsurvivors had a delayed spike 1gG response. Alter
showed that during natural infection, these antibodies drive opsinophagocytic clearance by
monocyte phagocytosis or complement, which may be critical for the early control needed to
overcome disease. They also looked at the role of adjuvants in a SARS-CoV-2 subunit vaccine in
NHPs. They administered the vaccine with five different adjuvants and monitored the antibody
profile. Alter showed that while all five adjuvants induced IgM, 1gG1, and IgA responses, some
induced higher titers than others. Adjuvants also shaped antibody function. While the priming
dose was sufficient to induce antibody titers, a boosting dose was required to induce humoral
immune response functions, such as NK cell activity, neutrophil phagocytosis, and complement
activity. To understand which of these functions mattered most to protective immunity, they
challenged the animals with virus. They found that while neutralization correlated with viral
control, it was not a strong predictor of protection. Instead, Fc function was found to discriminate
between protected and nonprotected animals.”® Alter conduced that non-neutralizing Fc-effector
functions, specifically opsinophagocytosis are likely key to both natural resolution of SARS-
CoV-2 infection as well as vaccine protection.

Immune correlates of protection from tuberculosis

Elisa Nemes from the University of Cape Town discussed ongoing studies to identify immune
correlates of protection for the tuberculosis vaccine BCG. While BCG has been available as a
vaccine for tuberculosis for nearly 100 years, it has not stopped the epidemic. Much of the world
has universal BCG vaccination recommendations, but there are still 10 million new cases and 1.4
million deaths each year.” It is clear that new, more effective tuberculosis vaccines are needed,
but vaccine development has been slow, despite the fact that there are several tuberculosis
vaccines in the development pipeline.8%-82 Two key developments in 2018 have provided the first
opportunity to discover immune correlates of protection against tuberculosis in humans. First,
revaccination of BCG was shown to have approximately 45% efficacy in protecting uninfected
individuals from acquiring established M. tuberculosis infection.®® Second, the novel vaccine
M72:AS01E showed approximately 50% efficacy in preventing tuberculosis disease in infected
adults.348° Both strategies show strong signs of immunogenicity. BCG revaccination
significantly increased Tn1 and IL-22—producing CD4* T cells.%® M72:AS01E elicited strong,



durable antibody titers and a potent, polyfunctional TH1 response.®> However, immunogenicity is
not always indicative of protection. Therefore, the Bill & Melinda Gates Medical Research
Institute is leading a global effort to identify CoPs from these trials. While this is the first large-
scale efforts to identify CoPs in humans, some clues are available from NHP studies. For
example, lung immune responses to BCG, including antigen-specific Tul, IL-17, and IL-10,
correlated with protection against infection and disease in rhesus macaques.®” Additional CoPs
are being defined using the intravenous BCG NHP model %

B cell responses to yellow fever vaccine

John Tyler Sandberg from Hans-Gustaf Ljunggren’s group at Karolinska Institutet presented
their work on the effects of the yellow fever vaccine YFV 17D on the humoral response. YFV
17D is a live, attenuated viral vaccine developed over 70 years ago that provides strong, lifelong
immunity against yellow fever. It is often used as a model vaccine for immunologic studies as
well as a model virus infection to characterize the human immune response. Previous work in
Ljunggren’s lab has characterized the T cell response®® and NK cell response® to vaccination. In
a study of 24 healthy volunteers who received YFV 17D, vaccination increased germinal center
activity followed by an increase in circulating Tul-polarized circulating T follicular helper cells.
Vaccination also induced antigen-specific plasmablasts within two weeks and elicited nAbs and
antigen-specific memory B cells (Fig. 4). Sandberg’s work rounds out our understanding of YFV

17D on the adaptive immune response and the events leading to B cell immunity.

Improving pediatric responses to vaccination

Kiva Brennan from Sarah Doyle’s lab at Trinity College Dublin presented work on cytosolic
dsRNA to improve the innate immune response to pediatric vaccines. Pediatric vaccine
schedules often require multiple boosters of the same vaccine or are given later in life to achieve
a good immune response. This results in a window of vulnerability wherein children are
receiving vaccines but are still susceptible to disease. Part of this is because immune system in
children is different than in adults. Brennan is therefore investigating effective pediatric

adjuvants that can boost vaccine efficacy. They showed that cytosolic poly(l:C) (cPIC), a



double-stranded RNA that activates the RIG-1/Mda6 pathway, induces an IFN response in
neonatal cells. In contrast, TLR4 stimulation, which induces an IFN in adult cells did not do so in
neonatal cells. Neonatal monocytes show decreased expression of Rab11, an important protein
involved in endosome formation. Brennan showed that the TLR-induced IFN relies on endosome
formation whereas cPIC does not.®? Brennan showed unpublished work how combinations of

cPIC and currently used adjuvants, alum or MPLA, impact the innate immune response.

The potential for vaccines to shift paradigms in global health

Reducing antimicrobial resistance with vaccines

Elizabeth Klemm from the Wellcome Trust discussed the role of vaccines in combatting AMR.
AMR is a significant problem, contributing to approximately 700,000 deaths annually. That
number is expected to rise to 10 million by 2050.% Tackling AMR will require a multi-faceted
strategy, of which vaccines are one tool. There are several ways in which vaccines can impact
AMR. First, they can directly reduce the infection, carriage, and transmission of drug-resistant
pathogens as well as prevent secondary infections with drug-resistant pathogens. For example,
introduction of the pneumococcal conjugate vaccine (PCV) led to a decrease in rates of invasive
pneumococcal disease caused by drug-resistant strains.®*% Vaccines can also reduce antibiotic
use, both for the pathogen that they protect against and for other pathogens by reducing the
occurrence of secondary infection and reducing empiric antibiotic use. For example, in low and
middle-income countries, children vaccinated with PCV had lower odds of antibiotic treatment
for acute respiratory infections, resulting in an estimated 24 million fewer antibiotic-treated
episodes per year.%® In an observational study in Canada, regions with universal influenza
vaccine access had lower rates of antibiotic prescriptions.®” Finally, a typhoid vaccine would
reduce empiric antibiotic use for typhoid, which is typically viral in nature. It is currently
estimated that three to twenty-five patients are unnecessarily given antibiotics for every true case
of typhoid.*® Two systematic reviews recently reviewed the evidence on vaccines and antibiotic
use. While the authors concluded that pneumococcal and influenza vaccines likely reduce
antibiotic use, they also pointed to several data gaps in the field. Differences in study design,
data reported, vaccines used, and populations tested make it difficult to draw broad conclusions,

and there are little data from LMICs or for vaccines other than those against pneumococcal



disease and influenza. To fill these knowledge gaps and expand the evidence base for the effect
of vaccines on a range of pathogens, the Wellcome Trust has recently funded several ongoing
projects throughout the world.

Klemm also discussed the Wellcome Trust’s efforts to identify priority pathogens for the
development of vaccines to reduce AMR. While the WHO and CDC have identified priority
pathogens for development of antibiotics, there is no corresponding list for impacting AMR. In
2018, the Wellcome Trust published an analysis of the WHO priority pathogens on their
suitability for vaccine development, assessing factors like health impact, R&D feasibility, and
probability of uptake to provide actionable recommendations for funders and vaccine developers.
The report is available online at VaccinesforAMR.org. The report grouped pathogens based on
the aforementioned metrics and provided recommendations for each group. For example, for
pathogens for which vaccines already exists, such as H. influenzae, S. pneumoniae, and S. Typhi,
efforts should focus on increasing vaccine uptake and access. For pathogens with a fair amount
of preclinical data, such as E. coli (enteric), non-typhoidal Salmonella, and Shigella,
recommendations include focusing on accelerating clinical development to bring new vaccines to
marker. High impact-pathogens for which R&D feasibility is unclear and investments in early-
stage research is warranted include M. tuberculosis, N. gonorrhoeae, E. coli (urinary), P.
aeruginosa, and S. aureus. Finally, for pathogens that are less well-suited for vaccine
development, including S. paratyphi, Campylobacter, H. pylori, K. pneumoniae, and A.

baumanii, the report recommends exploring alternative strategies.

In 2021, the WHO published an action framework to leverage vaccines to prevent AMR. The
framework describes three goals: expand the use of licensed vaccines; develop new vaccines that
contribute to prevention and control of AMR; and address funding, regulatory approval, and
technical challenges. Klemm stressed that achieving these goals will require new approaches on
routinely collecting and analyzing data on AMR in vaccine trials in a harmonized way that
enables cross-study comparisons. In addition, studies on the economic impact of vaccines on
AMR are vital for decision making and modeling the cost effectiveness of vaccines. While such
data are extremely limited a recent report in China estimated that expanding coverage of the

pneumococcal vaccine could lead to $586 million dollars in savings over 5 years.%®



Addressing challenges in implementing vaccination strategies

Ankur Mutreja from the University of Cambridge discussed some of the logistical challenges in
implementing infectious disease control measures, including vaccination strategies in
communities. Mutreja broke his presentation down into five sections: identifying the problem,
understanding the cause, planning, and executing a solution, measuring its impact, and sustaining

the results.

One of the first challenges in implementing a vaccine strategy is identifying the problem.
Communities may be reluctant to accept that there may be a problem, and cultural and religious
issues may factor into an unwillingness for communities to trust outsiders. In addition,
researchers looking to set up surveillance can run across difficulties navigating local approval
processes, customs, and regulations and may not have the infrastructure necessary to apply
monitoring tools in a field setting. Mutreja pointed to Tanzania as an example. At that point,
Tanzania had reported essentially zero COVID-19 cases. Given the rates of infection in
surrounding countries, it is likely that the real prevalence of infection is masked due to a gap in

surveillance and a lack of customized tools.

Once the problem has been identified, the next challenge is identifying the cause of the problem.
This is often complicated by difficulties teasing out associations from causes and the
involvement of multiple causes. Again, this requires trust from the local community to
understand the complexities of the issue as well as the ability to revise methodological
approaches as new information comes to light. This may not always be feasible depending on the

prior approvals obtained by local authorities.

Once the problem is reasonably understood, solutions can be developed and executed. Mutreja
stressed that there is often a difference between how the solution is planned and how it is
executed, once again highlighting the importance of flexibility and improvisation. Challenges to
executing plans include understanding the local and regional governments and authorities. For
example, plans to intensify India’s efforts to vaccinate 90% of infants were initially made with
the country’s Ministries of Health and of Women and Child Development. Ultimately, twelve
additional non-health ministries were included in implementing the plan. While the efforts
increased full immunization coverage by 18%, they failed to meet the 90% goal.1% Other hurdles

include lack of healthcare data or regulatory infrastructure as well as logistical problems with



storage and distribution. Finally, recruiting a local skilled workforce and generating buy-in from
the local community are essential. Several of these challenges are apparent in the current
inequities in COVID-19 vaccine distribution. A recent study showed that while only 16% of the
world’s population is in high-income countries, 65% of COVID-19 vaccine orders come from

those countries.1%!

One of the most important steps in the process is measuring the impact of an intervention. This
both justifies the relevance of the intervention and helps to build trust with the community.
However, lack of robust data recording systems, a skilled workforce, and continuous
participation can complicate this. In addition, it can sometimes be difficult to know what indirect
impacts to measure. For example, high Ebola disease burden in Sierra Leone decreased essential
healthcare as well as demand for essential healthcare services. As a result, health outcomes
across the board were affected, including increased maternal mortality, excess mortality from
HIV, tuberculosis, and malaria, and an increase in non-Ebola outbreaks. An effective monitoring

strategy must take into account all the impacts of the intervention.

Finally, sustaining the intervention’s effects can be difficult due to changing political
environments and a lack of long-term funding. It often requires recruiting a training a local
skilled workforce and establishing robust data flow systems to ensure that monitoring continues.
As with every step of the process, establishing trust with the community is also key to ensuring

long-term success.

Understanding differential outcomes of oral vaccines

Gagandeep Kang from Christian Medical College and the Translational Health Science and
Technology Institute presented results from the Rotavirus Vaccine Immunogenicity Study to
better understand why vaccines do worse in low-income settings compared to high-income
settings. A systematic review of commercial rotavirus vaccines showed that postimmunization
anti-rotavirus IgA levels were approximately 90% in high-income countries and as low as 53%
in low-income countries.'%? Several possible explanations have been proposed to explain this
discrepancy, including factors that impact a child’s inoculum, such as transplacental and breast
milk maternal antibodies, and factors that impact the antibody response, including co-

administration of other vaccines, nutritional deficiency, the microbiome, and early exposure to



other pathogens. Kang has been involved in multiple clinical trials to understand how and

whether these factors impact immunogenicity.

Kang described the results of the Rotavirus Vaccine Immunogenicity Study®, which was
conducted in the United Kingdom (UK), Malawi, and India to investigate the impact of
maternally derived antibodies and infant microbiota on the immunogenicity of oral rotavirus
vaccines in infants. They showed that rates of viral shedding and seroconversion were lower in
India and Malawi than in the UK. One unique factor in Indian children was neonatal rotavirus
prior to vaccination in approximately half of infants. Up to one-third of Indian infants were
seropositive prior to vaccination due to neonatal infections. Prior infection was associated with a
lower likelihood of viral shedding post vaccination but did not impact seroconversion. Kang
showed that high levels of maternal anti-rotavirus 1gG antibodies were associated with reduced
vaccine response in children. A more detailed analysis in the Indian cohort showed that maternal
IgG and IgA antibodies in serum and breast milk did not prevent neonatal rotavirus infection and
decreased infant response to vaccine. Neonatal rotavirus infection prior to vaccination was
associated with a higher response to vaccination. While differences in inflammatory biomarkers
were observed across the three countries, none were associated with seroconversion or shedding.
There were also geographic differences in microbiome composition and diversity, with

microbiota diversity negatively correlating with vaccine response.%

The study supports several recommendations for future research, such as including shedding as a
measure of response to oral rotavirus vaccines, considering a neonatal dose in lower income

countries, and profiling early life host-microbe interactions in low-income settings.

Reverse vaccinology to develop an invariant Trypanosoma vivax antigen-based vaccine

Gavin Wright from the Wellcome Sanger Institute and University of York discussed their work
on developing a vaccine for T. vivax. Trypanosome parasites (Fig. 5) cause significant impact on
important livestock animals in Africa, killing approximately 3 million cattle each year and
causing a direct economic impact estimated at $650 million. The impact is so severe that the
Food and Agricultural Organisation of the United Nations stated that animal African

trypanosomiasis “lies at the heart of poverty in Africa.” The most common species that affect



livestock are T. congolense and T. vivax. While infection is currently managed with drugs, these

can cause side effects, and resistance is emerging.

Trypanosomes have adopted several strategies to evade the host immune system. First, parasites
use antigenic variation in which they change the expression of the surface antigen variable
surface glycoprotein (VSG) throughout the course of infection. As the host develops antibodies
against a particular VSG variant, the parasite expresses a new VSG, rendering it immune to the
current antibody response. This results in waves of parasitemia that eventually lead to chronic
infection.!® Trypanosomes also thwart antibody-mediated responses by endocytosing host

antibodies.106

Both features have made it difficult to develop trypanosome vaccines. Previous efforts with
inactivated/attenuated parasites and recombinant proteins have resulted in partial protection.
With the recent availability of the trypanosome genome, Wright’s group is taking a reverse
vaccinology approach to identify an invariant protein for a subunit vaccine. Using the T. vivax
genome, Wright’s group identified cell surface and secreted proteins expected to project beyond
the VSG coat to generate a library of recombinant T. vivax vaccine candidates. They expressed
the extracellular portions of these proteins in mammalian cells to retain structurally-important
disulfide bonds and glycosylation patterns and assessed them in a murine infection assay in
which infection can be tracked in vivo via live imaging. Of the approximately 40 antigens tested,

one, V23, elicited protective immunity in the murine model 1%’

V23 is a Type 1 surface protein with no known protein domains or paralogs within T. vivax or
orthologs in other Trypanosoma species. Wright showed that V23 is located at the flagellar
membrane, which is involved in antibody endocytosis. V23 primarily mediates immunity via
antibodies as anti-V23 antibodies can passively transfer protection, though there was no obvious
correlation between antibody protective efficacy and epitope location or binding affinity. Given
that mouse IgGlantibodies do not potently recruit immune effectors, Wright’s group switched
the isotype of an anti-V23 monoclonal antibody to 19G2a, which can recruit immune effectors,
and showed that this elicits strong protection. Individually mutating the immune effector
recruitment sites in the Fc region of anti-V23 IgG2a revealed multiple mechanisms of immunity,

including significant involvement of the complement system.'%” Wright’s work shows that it may



be possible to develop protective vaccines against trypanosomes that could have significant

impact on the socioeconomic development in Africa.

Outer membrane vesicles as vaccines and delivery system

Mariagrazia Pizza from GlaxoSmithKline discussed the use of outer membrane vesicles
(OMV) as both antigens and delivery system for heterologous antigens. Outer membrane
vesicles are naturally produced by Gram-negative bacteria and contain many of the bacterial
outer membrane proteins, which are often highly immunogenic antigens.*®® Outer membrane
vesicles have been used to fight outbreaks in several countries and have been shown to be very
efficacious.'%11° Several induction methods have been developed to promote hyperproduction of
OMVs. These often rely on chemical treatments or physical manipulations that disrupt the cell
membrane and may alter OMV composition and physical properties.1®® Pizza described GSK’s
efforts to engineer bacteria that naturally hyperproduce OMVs.'t1112 The resulting OMVs,
dubbed generalized membrane module antigens (GMMA), are naturally released by bacterial
strains engineered to hyper-bleb and are exclusively composed of outer membrane and
periplasmic antigens. Other features can also be included by engineering the strains with
additional mutations to detoxify LPS, delete undesired antigens, or overexpress heterologous

antigens, to induce vesicles with characteristics of safe and immunogenic vaccines.

Pizza presented several examples of GMMA-based vaccines developed against Shigella and
nontyphoidal Salmonella. A GMMA vaccine developed from a Shigella sonnei strain genetically
modified to reduce the endotoxicity of LPS while retaining the immunodominant O antigen
component of LPS showed significantly reduced reactogenicity and high immunogenicity in
animal models.?*22 |n clinical trials, this GMMA vaccine was tolerated in both naive and
exposed adults and showed dose-dependent immunogenicity.*411°> GSK is working to develop a
new S. sonnei strain that expresses higher amounts of O antigen for future clinical trials. A
similar strategy has been used for S. typhimurium and S. enteritidis, in which GMMA was used
as a carrier for O-antigen. In mice, immunization with GMMA induced a similar 1gG response as
immunization with the O-antigen glycoconjugate while inducing higher levels of functional

antibodies. 116



Pizza also showed how GMMA can be used as a platform to present not only endogenous
antigens but also heterologous antigens that bacteria are engineered to overexpress as well as
chemically-conjugated polysaccharides or protein antigens. Neisseria meningitidis serogroup B
(MenB) GMMA conjugated to MenC or Hemophilus influenzae type b (HiB) polysaccharide
antigens induced functional antibodies after a single dose. MenB GMMA conjugated to MenA or
MenC polysaccharides induced higher titers than traditional carrier protein conjugate, suggesting
that GMMASs may be able to present antigens in a more natural form. Protein antigens
conjugated to GMMASs also showed high immunogenicity. In addition, GMMAs offer an

attractive carrier for multiple antigens for multivalent vaccines.**’

GMMASs have been studied as both antigens themselves and as a delivery system that show
increased immunogenicity compared to classical conjugates or recombinant antigens. Pizza
stressed that GMMAs offer a simple and cost-effective platform technology that is amenable to

developing vaccines for LMICs.

Sowmya Ajay Castro from Helge Dorfmueller’s group at the University of Dundee described
her work to develop vaccine candidates for Group A Streptococcus (GAS). GAS, also known as
S. pyogenes, is a human-exclusive Gram-positive bacterium responsible for a wide range of
infections. Initial episodes of GAS infection can induce pharyngitis, impetigo, and Scarlet fever,
while longer-term episodes can lead to life-threatening complications such as acute rheumatic
fever, necrotizing fasciitis, streptococcal toxic shock syndrome, and immune-related sequelae.*8
Although GAS remains sensitive to penicillin globally, recent studies have highlighted antibiotic
resistance in patients with both pharyngitis and tonsillitis.***2° A promising approach to lessen

the burden of infection would be to develop a GAS vaccine.

The Dorfmueller group is investigating recombinantly designed E. coli-outer membrane vesicles
(OMV) that include poly-rhamnose (pRha) from Group A carbohydrate (GAC) as a potential
vaccine candidate against GAS. GAC is expressed by almost all GAS serotypes, and a pilot
study using mouse models has demonstrated GAC immunogenicity. Castro presented
unpublished work showing that OMVs containing the ubiquitous pRha surface glycan can
generate a specific immune response by producing long lasting OMV-pRha-specific 1gG

antibodies that correlate with the phagocytic killing of a hypervirulent GAS strain. Increased



expression of 1gG3 anti-OMV-pRha antibody confirms previous mouse model data on the strong
affinity of GAC polysaccharide epitopes. Previous work demonstrated robust affinity of the
mouse 1gG3 constant region on exposure to repetitive polysaccharide antigens.?! Furthermore,
high surface binding of OMV-pRha antibodies to clinical GAS strains indicates recognition of
antigenic epitopes during GAS-dependent infectious disease. This pre-clinical study supports the
conclusion that the GAC polysaccharide leads to stimulation of humoral mediated antibodies and
highlights pRha as a potential vaccine for GAS.

Immune responses to a subunit Klebsiella pneumoniae vaccine

Joseph Hoffmann a post-doctoral fellow in the lab of Jay Kolls and Janet McCombs at Tulane
University presented data on a subunit vaccine against K. pneumoniae developed in the lab. K.
pneumoniae is notorious for its hypervirulence and drug resistance mechanisms.'?? As antibiotics
become increasingly ineffective, it is clear that other strategies, such as vaccines, will be
necessary. Hoffmann described that an ideal vaccine-driven immune response would consist of
tissue-resident T cells at mucosal sites that are maintained at sites of pathogen exposure.'? They
showed preclinical data on a subunit vaccine composed of the outer membrane protein X
(OMPX) of K. pneumoniae and LTA1 from E. coli, an adjuvant known to generate mucosal
responses and drive I1L-17 responses developed and characterized by Norton at Tulane School of
Medicine.*?* These IL-17 responses are essential for immunity against K. pneumoniae. In mice,
the vaccine induced IL-17A" tissue-resident CD4" T cells in the lung and reduced bacterial
burden in both the lung and spleen. Hoffmann showed that protection was dependent on Tn17
CD4* cells as inhibiting pathways necessary for CD4" cells to differentiate into Tn17 cells
abrogated protection. These cells were also able to home to lung and protect against infection in
non-immunized mice. Hoffmann also showed that vaccine efficacy is dependent on IL-17R
signaling, specifically in lung fibroblasts. Knocking out IL-17R in fibroblasts, but not in other
cell types abrogated protection and reduced the number of lung-resident T cells. Finally, since
OMPX is highly conserved, the vaccine has the potential to protect across Enterobacteriaceae
species. In in vitro assays, the vaccine induced an immune response against an array of

Enterobacteriaceae species while it demonstrated protection against S. marcescens in vivo.*?



Accelerating vaccine research with human challenge studies and

novel models

Human challenge studies, in which volunteers are inoculated with a pathogen and monitored for
a given amount of time, can provide important insights on the immune factors that determine the
outcomes of infection. For many respiratory viruses, including SARS-CoV-2, the majority of
individuals experience mild-to-moderate disease or even asymptomatic infection. However,
patients who fall into certain risk groups, e.g., elderly individuals, can have life-threatening
disease. It can be difficult to extrapolate these factors for respiratory viruses via animal models
or by observational studies of natural infection in humans, which are limited by uncontrolled
confounders, lack of analysis of early infection, difficulties in diagnosis and sampling, and
heterogeneity among participants. Human infection challenge studies can address many of these
limitations since the study defines the viral strain and dose and includes pre-infection and early
infection assessments. Human challenge studies have been used to study influenza, RSV, and
viruses that cause the common cold to infer correlates and mechanisms of protection and
accelerate vaccine research and development.*?6-128 Human challenge studies can also aid in
vaccine development and have typically been conducted during the early stages of development
to determine whether vaccine candidates should move on to larger, phase 3 trials. Speakers
discussed ongoing efforts to conduct human challenge studies for SARS-CoV-2, S. pneumoniae,
and GAS.

The UK COVID Challenge Study

Christopher Chiu from Imperial College London discussed the design of an ongoing SARS-
CoV-2 human challenge study being conducted in the UK. During the early days of the COVID-
19 pandemic, before effective vaccines and therapies were available, human challenge studies
were being planned as a way to accelerate vaccine research. In 2021, the WHO published two
reports on assessing the ethical acceptability of COVID-19 challenge studies and established a
framework for such studies.'?®1*° Such studies must obviously have a clear scientific rationale
and mitigate the potential risks to participants. Chiu argued that, even with the availability of

highly effective vaccines, human challenge studies can still provide valuable insights into SARS-



CoV-2 infection. In the short term, challenge studies can fill in important gaps in our
understanding of infection, including factors associated with viral shedding, the incubation
period, and impacts of asymptomatic infection on transmission. Longer term, challenge studies
can be instrumental to accelerate vaccine candidates currently being developed. With the
availability of effective vaccines, placebo groups in phase 3 studies will soon no longer be an
ethically viable option. Head-to-head human challenge vaccine studies can rapidly provide data
on the efficacy of new vaccines, new formulations of existing vaccines, or efficacy against viral
variants. To mitigate the inherent risks involved, the UK COVID Challenge Study is being
conducted in a low-risk population, namely those 18 to 30 years of age, in whom severe
outcomes are rare and symptoms typically resolve within months.**! Chiu also stressed the
importance of extensive public and participant involvement and engagement. Recent surveys and

focus groups in the UK show strong support for a human challenge study.

Rationale for pneumococcal challenge studies in Malawi

Stephen B. Gordon from the Liverpool School of Tropical Medicine discussed the rationale for
human challenge studies for pneumococcal disease and carriage in Malawi to understand vaccine
efficacy. While introduction of the PCV13 vaccine in Malawi has been highly successful and
effective in reducing disease incidence and mortality, pneumococcal disease remains a problem
for much of the population. Both vaccine-serotype and non-vaccine-serotype carriage are high
among vaccinated children.**? People living with HIV, which represent approximately 10% of
the population, also show high rates of carriage.*®* Gordon described experimental human
pneumococcal carriage studies conducted in Liverpool. Approximately 1800 volunteers took part
in 30 independent studies that evaluated three different vaccines and nine pneumococcal strains.
In brief, volunteers were inoculated with S. pneumoniae through the nose, and nasal samples
were collected at various timepoints to assess whether the individual is a carrier, to quantify
carriage density and duration, and to identify immunologic CoPs. The studies evaluated several
questions, including the effect of co-infection of S. pneumoniae and viral infection and

transmission from hand to nose and developed several different mucosal sampling strategies.

Results from the Liverpool challenge studies demonstrated that volunteers who developed

carriage to a given pneumococcal strain were protected from re-colonization after re-inoculation



with the same strain*®*, but not from re-colonization from a different strain.**® If carriage is
immunogenic and protective against recolonization with the same serotype in the Liverpool
studies, this begs the question of why carriage does not seem to be protecting against re-

colonization in Malawi.

Gordon stressed that human challenge studies in Malawi can start to answer these questions.
With a high carriage rate, particularly among high-risk groups, there is a clear clinical need. Such
studies can also leverage over a decade of experience and expertise from the Liverpool studies.
In addition, there are several researchers onsite in Malawi with expertise in human challenge
studies. In 2017, the Wellcome Trust published a framework for controlled human infection
model studies in Malawi*3®, and in 2020 they published a report on the ethical acceptability of
such studies.™®” Ultimately, the report concluded that the risks of human challenge studies were
largely similar in Malawi and Liverpool and that such studies could be acceptable in Malawi
given that considerations are made with regard to informed consent, inclusion criteria, medical
care or support, compensation, regulation, and robust community engagement.**” The group is
moving forward with conducting human challenge studies in Malawi. A feasibility study was
recently completed®3®, and techniques to study saliva, nasal fluid, nasal microbiopsies, and nasal
biopsies have been transferred to Malawi. The studies will address which vaccines can prevent
pneumococcal carriage, how effective they are in vulnerable populations, and mechanisms of

respiratory tract defense needed for an effective mucosal vaccine.

CHIVAS: A model for human challenge studies in Group A Streptococcus

Andrew Steer from Murdoch Children’s Research Institute presented their work on a human
infection mode of GAS pharyngitis. Group A streptococcus is a ubiquitous human pathogen.
Infection can cause mild, acute symptoms, such as pharyngitis (sore throat), or lead to chronic
disease resulting in chronic kidney disease, heart failure, or stroke. Because it only infects
humans, GAS is difficult to study in animal models. There is currently no vaccine for GAS; only
one vaccine has made it as far as phase 2 clinical trials. Steer hopes that human infection studies

can be used to bridge phase 1 studies with later clinical trials to accelerate vaccine research.

Steer described the model for such studies, dubbed Controlled Human Infection for VVaccines
Against S. pyogenes (CHIVAS).1% CHIVAS is a safe and reliable Strep A pharyngitis human



infection study in healthy adults that will be used as a platform for learning about bacterial
biology and for testing vaccines. The model incorporates recommendations from the WHO’s
preferred product characteristics and vaccine development technology roadmap for GAS
vaccines.!® When choosing the strain to use in CHIVAS, the group considered molecular
epidemiology, in vitro assays, and the presence of vaccine antigens. The chosen strain, M75, was
chosen based on its ability to cause pharyngitis, but not invasive streptococcal disease.**® A dose-
ranging study was conducted to define the bacterial dose needed to cause pharyngitis in at least
60% of volunteers and to study systemic and mucosal immune responses. VVolunteers were
inoculated, received antibiotics, and followed up for six months. Of the 20 volunteers inoculated,
all demonstrated clinical and microbiological symptoms with no relapse, carriage, or serious
bacteria-related complications.*! Several groups are now analyzing samples for antibodies, T
cells, B cells, mucosal immunity, and cytokines. Future studies will also incorporate vaccines
into the CHIVAS model to provide further understanding of the biology of GAS pharynagitis,

including CoPs.

Novel 3D infection models

Thomas Rudel from the University of Wurzburg described their group’s efforts to develop 3D
infection models to use as validation tools for vaccine research. Common infection models for
human pathogens include tumor cells, primary cells in 2D culture, and animal models. However,
natural infections occur in complex sites that consist of several cell types. Rudel’s group is part
of a large consortium working to develop more natural infection models of sites like the skin,
intestine, trachea, and blood-brain barrier. During their talk, Rudel focused on their efforts to
develop an epithelial model of N. gonorrhoeae infection that incorporates interactions with
mucus, ciliated cells, and immune cells. Rudel’s group has developed several organoid-based
models that recapitulate the epithelial properties of fallopian tubes, including ciliated cells with
tight junctions. In particular, an air-liquid interface culture system from organoids demonstrates
high infectability at the apical side, high cellular differentiation, and long-term infection. Rudel
also described a transcytosis model that uses small intestinal submucosa (SIS) as a connective
tissue support for primary cells to evaluate the bacteria’s ability to travel through the epithelium.

Finally, they are incorporating neutrophils into this SIS system to model the transmigration of



neutrophils through the epithelium to interact with the bacteria.!*? Together, Rudel’s work has
established epithelial models that incorporate epithelial cells, fibroblasts, a biological scaffold,
and immune cells that enable long-term analyses of infection.
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Figure legends

Figure 1. Mosaic nanoparticle approach for making a potential pan-sarbecovirus vaccine.

Figure 2. Peripheral immune dysregulation in severe COVID-19 based on scRNA-seq, scATAC-
seq, and CyTOF analyses to identify correlates of mild, moderate, and severe pathology. From
Wilk et al. 2021, doi.org/10.1084/jem.20210582. Published under a Creative Commons
Attribution License 4.0 (CC BY).

Figure 3. Wagner. Effects of vaccine allocation on the epidemiological and evolutionary
trajectories of two regions. (A) Each region is described by an immuno-epidemiological model,
and the regions are potentially coupled through immigration and transmission increases driven
by viral evolution. (B) Current consensus on host immune responses and clinical and
transmission-blocking protection. (C) Epidemiological and evolutionary outcomes for different
vaccine allocation schemes given the specific assumptions related to natural and vaccinal
immunity described in (B). The terms “ointermediate” and “ogood” immunity in (C) follow the
descriptions provided in the main text. Additional scenarios can be explored using the online
interactive application (https://grenfelllab.shinyapps.io/vaccine-nationalism/). Schematics of



needles and viruses in A were created with BioRender.com. From Wagner et al. 2021,
doi:10.1126/science.abj7364. Published under a Creative Commons Attribution License 4.0 (CC
BY).

Figure 4. YFV 17D vaccination also induced antigen-specific plasmablasts within two weeks and
elicited nAbs and antigen-specific memory B cells. Adapted from Sandberg et al. 2021,
doi:10.4049/jimmunol.2001381.

Figure 5. Trypanosoma vivax. Credit: David Goulding, Wellcome Sanger Institute.



