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Abstract

Respiratory viruses are a common cause of morbidity and mortality around the world. Viruses
like influenza, RSV, and most recently SARS-CoV-2 can rapidly spread through a population,
causing acute infection and, in vulnerable populations, severe or chronic disease. Developing
effective treatment and prevention strategies often becomes a race against ever-evolving viruses
that develop resistance, leaving therapy efficacy either short lived or relevant for specific viral
strains. On June 29 to July 2, 2022, researchers met for the Keystone symposium “Respiratory
Viruses: New Frontiers”. The meeting was held jointly with the symposium “Viral Immunity:
Basic Mechanisms and Therapeutic Applications.” Researchers presented new insights into viral
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biology and virus-host interactions to understand the mechanisms of disease and identify novel
treatment and prevention approaches that are effective, durable, and broad.

Graphical Abstract

KEYSTONE *1* SYMPOSIA

Respiratory Viruses: New Frontiers

Respiratory viruses are a common cause of morbidity and mortality around the world. Viruses
like influenza, RSV, and most recently SARS-CoV-2 can rapidly spread through a population,
causing acute infection and, in vulnerable populations, severe or chronic disease. On June 29 to
July 2, 2022, researchers met for the Keystone symposium “Respiratory Viruses: New Frontiers”.
The meeting was held jointly with the symposium “Viral Immunity: Basic Mechanisms and
Therapeutic Applications.” Researchers presented new insights into viral biology and virus-host
interactions to understand the mechanisms of disease and identify novel treatment and prevention
approaches that are effective, durable, and broad.
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Introduction

Respiratory viruses represent a significant cause of morbidity and mortality around

the world. Air-borne transmission enables these viruses to spread quickly throughout a
population, and while many infections cause acute illness, chronic disease and persistent
lung damage are not uncommon, particularly in vulnerable populations. Despite intensive
research, treatments and durable vaccination approaches remain limited.

On June 29 to July 2, 2022, researchers met for the Keystone symposium “Respiratory
Viruses: New Frontiers”. The meeting was held jointly with the symposium “Viral
Immunity: Basic Mechanisms and Therapeutic Applications.” The symposium brought
together researchers studying diverse respiratory viruses, including SARS-CoV-2, influenza
virus, and RSV. In light of the COVID-19 pandemic, presenters also discussed approaches to
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surveilling for and identifying emerging viruses with pandemic potential. Speakers focused
on novel insights into respiratory virus biology, including host-virus interactions that enable
viruses to evade the host immune response and cause chronic lung damage, and presented
new data on host factors that render some populations more susceptible to severe infection
and disease. The meeting ended with a session on novel prevention and treatment efforts,
highlighting the continuous work to create effective therapies with broad, durable activity.

Beyond Acute Disease: Consequences of Respiratory Virus Infections

While respiratory viruses are known to cause acute disease and lung damage, they can also
cause long-term sequelae both in the lung and other organ systems. These chronic sequelae
may be a result of immune hyperresponsiveness and unchecked inflammation that persist
after the virus is cleared and/or of residual low-level viral replication.}3 Chronic sequelae
of acute viral pneumonia are exacerbated during aging.*> Speakers presented research on
understanding the host factors that contribute to long-term lung damage following influenza
virus infection, evidence for persistent SARS-CoV-2 throughout the body, as well as viral
features that contribute to persistent infection.

Persistent inflammation and chronic lung damage in the elderly—Jie Sun from
the University of Virginia discussed the immune determinants of long-term influenza virus-
mediated lung damage during aging. In mice, older mice experience higher mortality, more
severe disease, and delayed recovery as a result of influenza infection. Sun showed that this
is not due to persistent viral replication—uviral titers in the lung are similar among young
and aged mice. Instead, aged mice demonstrate persistent upregulation of pro-inflammatory
genes and an increase in CD8* resident memory T cells that have increased fibrogenic
potential. Sun’s work shows that this inability to return to immune homeostasis likely
contributes to the increased risk of chronic sequelae observed in the elderly after acute
infection.® Sun showed that CD8* resident memory T cells may also contribute to the long-
term lung sequelae of COVID-19. Elderly patients who have recovered from COVID-19
show signs of inflammation and fibrosis months after the infection is cleared. In those with
persistent lung dysfunction, the lungs were enriched with memory CD8* T cells. Further
characterization of these T cells by single-cell RNA sequencing (ScRNAseq), revealed three
subpopulations, one of which had the characteristics of traditional tissue-resident memory
T cells while the others may be pathogenic and promote chronic lung damage. Additional
work in mice confirmed a causal role for CD8* T cells in lung damage post-acute viral
infection.” Sun showed unpublished data supporting a role for the hyperactive CD8* T cell
response in promoting dysplastic lung repair following severe viral pneumonia.

The role of CD8* and CD4* T cells in persistent COVID-19-related lung damage
—In Su Cheon from Sun’s group expanded on the role of CD8* T cells in lung damage
following acute COVID-19. Cheon assessed lung pathology and function in a cohort of
convalescent individuals over 60 years of age. She showed that individuals experienced
persistent lung pathology and impaired lung function after recovering from COVID-19,

the severity of which correlated with disease severity. While peripheral immune markers
were similar between the convalescent and uninfected cohorts, convalescent individuals had
higher levels of CD8" T cells and B cells in the lungs. Levels of tissue-resident CD8" T cells
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negatively correlated with lung function and likely contribute to the chronic inflammation
and fibrotic sequelae following acute COVID-19.” Cheon showed unpublished work on the
impact of tissue-resident helper (TRH)1 CD4" cells on maintaining this pathologic CD8* T
cell population.

Mechanisms of dysplastic lung repair following viral infection—Andrew
Vaughan from the University of Pennsylvania presented additional work on the mechanisms
of dysplastic lung repair following viral pneumonia. During acute viral infection, many
alveolar type 2 (AT2) cells are killed. As a result of lung damage, these bipotent cells

can restore the alveolar epithelium by regenerating both themselves as well as AT1 cells,
which are responsible for gas exchange. If too many AT2 cells are killed during infection,
ectopic Krt5* basal cells participate in the re-epithelization of the alveolus. While these cells
can differentiate into many types of epithelial cells, they rarely became AT2 or AT1 cells.
This epithelial dysplasia is essentially permanent and correlates with long-term loss of lung
function. Vaughan’s group is interested in understanding why Krt5* cells have such a low
propensity to differentiate into AT2 cells. They showed that deletion of p63 increases the
conversion of Krt5* cells into AT2 cells.® They have also looked at the impact of chronic
inflammation that persists even after the virus is cleared. Vaughan focused on the impact of
tuft cells, which are implicated in intestinal damage and repair, where they play a role in
Type 2 mucosal immunity, characterized by IL-13, IL-25, and metaplasia.® Tuft cells have
also been shown to expand in the lung in response to influenza virus and SARS-CoV-2.10:11
Vaughan’s lab showed that in the lung, tuft cells arise from Krt5* progenitors. Unlike in

the intestine, lung tuft cells arise independent of Type Il cytokines and have no obvious
impact on the development of epithelial dysplasia.1? Vaughan’s group is continuing to work
on understanding the signals for injury-induced lung tufT cell development as well as the
role of these cells in lung dysplasia.

Persistent paramyxovirus infection and chronic lung disease—Italo Castro from
Carolina Lépez’s lab at the Washington University School of Medicine presented his work
on the impact of persistent paramyxovirus infection on chronic lung pathology. Lépez’s
group had previously demonstrated the presence of chronic lung disease in mice after
infection with Sendai virus or influenza virus. This disease was characterized by airway
thickening, bronchiolization of the parenchyma, and type Il inflammation. While viral RNA
was detectable long term, lung disease persisted in the absence of replicating virus.12 Castro
presented unpublished data using this mouse model to better understand whether Sendai
virus can persist and replicate long term and whether persistent infection may contribute to
chronic lung pathology.

Distribution and persistence of SARS-CoV-2—Sydney Stein from the National
Institutes of Health (NIH) presented results from an unpublished study on the distribution
of SARS-CoV-2 across the body from an autopsy cohort of individuals who died with (but
not necessarily from) COVID-19. Results from 44 unvaccinated cases during the first year
of the pandemic shed light on which tissues and cells the virus infects, how long viral

sei immunol. 2021 Jan 8;6(55). doi: 10.1126/sciimmunol.abb6852.
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RNA can persist in the body, and which cell types and anatomic compartments support viral
replication.

Impact of nonstandard viral genomes in RSV infection—Carolina Ldpez from the
Washington University School of Medicine in St. Louis presented work on how nonstandard
viral genomes (nsVG) impact clinical outcomes in RSV infection. Nonstandard viral
genomes are truncated genomes that lack essential genes for replication but can nonetheless
impact viral infection by interfering with the replication of standard viral genomes and/or
activating host immunity.13.14 Lpez’s work has shown that standard and nonstandard
genomes of RSV and Sendai virus preferentially accumulate in different cells.1#15 Cells
with standard viral genomes undergo lipid stress and activate cell death pathways while cells
with nsVGs upregulate antiviral and pro-survival pathways.1> Lopez’s work has also shown
that nsVGs impact the clinical outcome of viral infection. In a cohort of 56 adults inoculated
with RSV, individuals with high levels of nsVGs early in infection had less severe disease.
Conversely, the persistent presence of nsVGs late in infection was associated with more
severe disease. Consistent with this, patients hospitalized with RSV also have higher levels
of nsVGs.16 Lépez ended by presenting unpublished work on characterizing the diversity

of nsVGs using a tool developed in her lab dubbed viral open-source DVG key algorithm
(VODKA).

Preclinical immunogenicity of a novel measles virus vaccine—Jessica Rubens
from Diane Griffin’s lab at Johns Hopkins Bloomberg School of Public Health presented
unpublished data on the immunogenicity and efficacy of a novel recombinant measles virus
vaccine in nonhuman primates (NHP). The current measles vaccine included in the measles,
mumps, and rubella (MMR) shot is a live virus vaccine. While it provides strong, lifelong
protection in most recipients, several high-risk populations, including infants, pregnant
women, and immunocompromised individuals, are ineligible to receive it. In addition,
immunity can wane over time in some individuals. The Griffin lab is collaborating with the
National Institutes of Health (NIH) and MEVOX to develop and evaluate a recombinant
measles vaccine that contains the measles hemagglutinin (HA) dimer in its prefusion
conformation. Such a vaccine could be administered to infants, may boost MMR-primed
immunity, and is anticipated to be more thermostable than MMR.

Immunity and Respiratory Viruses

The immune system is continually exposed to and shaped by respiratory viruses. Speakers
discussed how prior exposure to evolving viruses, like influenza virus, impacts protection
when a similar virus is encountered, efforts to identify immune-mediated and other markers
of disease severity during pandemics with novel viruses, tracking B cell maturation after
vaccination, and elucidating the role of interferons in viral infections.

Impact of immune imprinting on protection—Katelyn Gostic from Sarah Cobey’s
lab at the University of Chicago gave an overview of how early antigenic exposures can
impact the adaptive immune response and protection. Immunologic data for respiratory
viruses such as influenza virus and SARS-CoV-2 demonstrate that repeated infections with
evolving pathogens reinforce the memory of past antigens, cause conserved epitopes to
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become immunodominant, and can interfere with responses against de novo antigens.17-20
Gostic’s work has demonstrated the impact of this immune imprinting on protection from
avian influenza viruses. Before 1968, the majority of circulating influenza viruses were
Group 1 subtypes; Group 2 subtypes dominated after 1968. When H5N1 influenza virus—a
Group 1 subtype—emerged, elderly individuals (those born before 1968) were preferentially
protected against infection. Likewise, when H7N9 influenza virus—a Group 2 subtype—
emerged, those born after 1968 were largely protected. These data demonstrate that people
maintain the strongest immune memory against strains that they encounter during childhood
and that different birth cohorts may therefore have different levels of protection against
viral strains.2! Immune imprinting has also been observed with seasonal influenza with
varying breadth?2-25 and has been shown to impact vaccine efficacy.23.26:27 However, there
are also examples in which the host immune history has no discernible impact on vaccine
effectiveness or susceptibility.26 As pathogens evolve, prior immunity may impact different
populations differently. For example, those whose immune repertoire is skewed toward an
antigen that mutates may lose protection while those whose immune repertoire is skewed
toward an antigen that stays the same may maintain protection.2>-28 Gostic stressed that to
better understand these cohort effects, it is necessary to characterize immunologic diversity
in hosts and invest in long-term longitudinal studies to link immunological patterns with
epidemiologic outcomes.

Identifying determinants of disease severity and novel therapies during
pandemics—Peter Openshaw from Imperial College London (ICL) discussed efforts

to study ongoing pandemics in the UK, understand the factors that determine disease
severity for common respiratory viruses (including SARS-CoV-2), and identify effective
interventions. The need for long-term research investment is clear: the Centre for
Respiratory Infections was funded in 2008, shortly before the 2009 HIN1 influenza
pandemic. Without this fortunate event, the comprehensive study of factors involved in
severe disease that included virologic, genomic, transcriptomic, and immunologic analyses
of more than 250 patients with severe influenza-like illness could not have been launched.
One of the early results of this collaboration (the MOSAIC study, Figure 1) was discovery of
the association between a polymorphism in /F/TM3with severe illness.2? Transcriptomics
also revealed a signature characteristic of an inflammatory response to bacterial infection
that occurred in late phases of influenza virus infection, indicating the time-based changes3°
that are now evident in other conditions such as COVID-10. Openshaw stressed that
long-term investments in facilities are vital if such large, coordinated studies are to be
performed as well as healthcare data linkage. When COVID-19 hit UK the UK was able

to launch the International Severe Acute Respiratory and emerging Infection Consortium
(ISARIC-4C) observational cohort which gathered extensive data on more than 340,000
patients hospitalized with COVID-19 and serial biological sampling on more than 2000.31
Initial findings from the study have identified an association between several plasma
biomarkers, including IL-6 and D-dimer as well as markers of endothelial inflammation,
with disease severity.32 In addition many gene variants have been identified that are
associated with disease severity?, including polymorphisms that reduce JAK signaling.33
These data enabled researchers to prioritize the JAK inhibitor baricitinib in the RECOVERY
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trial, which established that baricitinib reduced mortality among hospitalized adults.3* Rapid
integration of research trials was transformative during the COVID pandemic.

Tracking B cell maturation following vaccination—Ali Ellebedy from Washington
University School of Medicine in St. Louis presented work on tracking B cell maturation in
response to COVID-19 vaccines. Ellebedy’s group uses fine needle aspiration to sample

the draining lymph nodes located near the armpits following vaccination. This is the

site of germinal center activity where responding B cells undergo affinity maturation to
enhance their binding to immunizing antigens. The cells eventually become either memory
B cells or long-lived bone marrow plasma cells (BMPC), which are important for long-term
immunity. Ellebedy showed that they can detect vaccine-induced germinal center responses
after influenza virus vaccination and track antigen-specific germinal center B cells over
time.35 They also used this method to monitor the B cell response to the Pfizer’s mRNA
COVID-19 vaccine in humans. Sampling the draining lymph nodes showed that vaccination
induced a strong spike-specific germinal center response that persisted for at least six
months. Unlike the response to the influenza virus vaccine, COVID-19 vaccination often
engaged multiple lymph nodes. Bone marrow sampling confirmed that vaccination induced
spike-specific long-lived BMPCs.36:37 Ellebedy showed that the antibodies produced by the
BMPCs, which had had months to mature, were of higher quality than those produced in the
blood by plasmablasts immediately following vaccination. These later antibodies had higher
avidity and higher neutralization activity than earlier antibodies.38 Ellebedy’s work shows
that the persistent germinal center reaction induced by mRNA COVID-19 vaccination leads
to affinity-matured long-term antibody responses with potent neutralization activity.

The negative impact of interferon in lung epithelial repair—Andreas Wack from
the Francis Crick Institute discussed the impact of interferons (IFN) on epithelial repair
following viral infection. Interferons have important antiviral activity, but they can also
have antiproliferative or proapoptotic effects. Working in a mouse model of influenza
infection, Wack showed that IFN levels peak early in infection and decline as AT2 cell
proliferation increases. However, there is a window during which IFN levels are relatively
high and AT2 cells are proliferating to repair the recovering lung. He showed that IFNs

can negatively impact epithelial repair during viral infection. Exogenous exposure to IFN
a, B, and A reduced epithelial proliferation during viral recovery without impacting viral
load. Likewise, knocking out genes required for endogenous IFN signaling increased

lung epithelial proliferation and differentiation.3%40 Transcriptome analyses of IFN-treated
airway epithelial cells indicated that short-term exposure to IFN induces genes involved in
the antiviral response while long-term exposure also arrests cell development and increases
antiproliferative effects through p53. Additional work confirmed that IFNs induce p53
expression /n vivoin the lung epithelium after viral infection. Knocking out IFN-X receptors
improved epithelial recovery and barrier function.3? Wack’s work shows that while IFNs
play important roles in mediating the antiviral response, they can also negatively impact
proliferation and differentiation of the epithelium, which can impair barrier integrity and
increase the risk of severe disease and secondary bacterial infections.
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New Approaches to Studying Respiratory Viruses

Developing effective therapies and vaccines against respiratory viruses will require novel
methods and techniques. Speakers discussed new insights into viral biology and host
immune responses, including how viruses co-opt host cell resources to expand their
genomes, the impact of host cell composition on viral dynamics, and novel inflammatory
signaling mechanisms, and viral protein-host protein interactions. They also presented
techniques to measure virus burst size and to surveil clinical samples for early detection
of novel, emerging viruses.

Expanding the translatable regions of viral genomes—Ed Hutchinson from the
University of Glasgow discussed the impact of chimeric human-virus genes in influenza
virus infections — a concept that had originally been investigated independently by his group
and the group of Ivan Marazzi from the Icahn School of Medicine at Mount Sinai, until

the discovery of each other’s preprints led the groups to combine their work into a single
and more detailed study. Viruses have devised a range of strategies to compress a lot of
information into their small genomes.*! Hutchinson and his colleagues realized that the
segmented negative strand RNA viruses (SNSVs), a large group of viruses including major
pathogens such as the influenza viruses, would have an additional way to do this. The
SNSVs transcribe their genes through a process known as cap-snatching. In this process,
the virus polymerase binds to host mRNA and cleaves it shortly downstream of the 5" cap,
using the cleaved product as a starting point when transcribing a viral gene. The result

is a hybrid mRNA containing both host sequences with a 5" cap that can be recognized

by the ribosome for translation, as well as viral sequences. Since many host untranslated
regions (UTR) have upstream, noncanonical start codons#243, Hutchinson’s group was
interested if these host-derived start codons allow the translation of novel viral proteins
(“start snatching™). They showed that host sequences in the cap-snatched mRNA contain
start codons that can be recognized by ribosomes. These alternative start codons create
upstream viral open reading frames (ORF) that result in either N-terminal extensions in
the viral protein (if the ORF is in-frame with the viral ORF) or in novel proteins (if the
upstream ORF is frameshifted). About half of influenza genome segments have N-terminal
extensions encoded into canonical genes, suggesting that this phenomenon is relatively
common. Hutchinson showed that the proteins resulting from viral upstream ORFs can be
detected in infected cells. While interrupting these ORFs did not impact viral replication
in cells, it did impact disease in mice, indicating that these proteins may have functions in
infections.#4-46 Hutchinson’s work shows that upstream viral ORFs expand the translatable
regions of the viral genome beyond those that contain a viral start codon (Figure 2).

A high-throughput method to measure viral burst size—Mallory Thomas from
Connie Chang’s lab at Montana State University presented a high-throughput, single-cell
method to quantify viral burst size—the number of virions released from a single cell

and an important indicator of viral fitness. Current methods to measure burst size either
average across the population, thus masking heterogeneity across infected cells*’, or are low
throughput.*® These methods also only measure infectious viruses; however, the majority

of influenza particles are not fully infectious.*® Chang’s group has developed a drop-based
microfluidic platform to quantify burst size from single-cell infections. In this method,

Ann N'Y Acad Sci. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cable et al.

Page 10

single cells are isolated within a droplet and infected with influenza virus. The viral progeny
are then isolated from the droplets and quantified by measuring matrix protein (M) gene
abundance.®® Thomas showed unpublished data in which she used this method to quantify
the burst size of H3N2 and H1N1 influenza viruses to understand the diversity of burst size
across cells and between viruses.

The impact of cell composition on influenza virus dynamics—Ryan Langlois
from the University of Minnesota presented work on influenza virus tropism in the human
airway. Langlois’s group uses flow cytometry to identify and quantify cell types in human
tracheal bronchial epithelial cells grown at the air-liquid interface, which supports the
growth of ciliated, secretory, basal, and other cell populations.51:52 Langlois presented
unpublished data on how the ratio of these cell populations within cell culture impacts
influenza virus replication dynamics and immune responses.

An antiviral role for IL-6 trans signaling—Daniel Lingwood from Harvard Medical
School presented work on understanding the role of interleukin 6 (IL-6) franssignaling

in viral immunity. IL-6 is a cytokine that activates pro-inflammatory signaling pathways
via binding to the IL-6 receptor (IL-6R) in complex with gp130 on the cell membrane. It
can also initiate signaling in cells that do not express IL-6R by binding to soluble IL-6R
(sIL-6R) and forming a complex with gp130 on the cell membrane in a process known

as trans-signaling.>3 Lingwood showed that IL-6 signaling is regulated by a blood buffer
system that controls levels of free IL-6. Normally, relatively high levels of sIL-6R and
soluble gp130 (sgp130) combined with the tight binding affinity between IL-6, sIL-6R, and
sgp130 mean that the majority of circulating IL-6 is complexed with sIL-6R and sgp130 and
therefore unable to initiate downstream signaling. In mice, 1L-6 levels increase following
influenza infection. This is accompanied by an increase in sIL-6R and a decrease in sgp130.
The result is an increase in IL-6 trans signaling, with antiviral effects.>*

Proviral and antiviral activities of a host protein—Steven Baker from the Lovelace
Biomedical Research Institute showed how mitochondrial enoyl-CoA/ACP reductase
(MECR) can have both antiviral and proviral effects as a result of alternative splicing. Baker
and co-authors used mass spectrometry (MS), to identify host proteins that interact with the
influenza virus polymerase. One of these hits, MECR, was found to have antiviral effects
when knocked down with siRNA. Baker showed full-length MECR is generally proviral. It
is involved in mitochondrial fatty acid synthesis, which is important for host cell metabolism
and consequent virus growth. However, a truncated form of MECR, cMECR, exhibits
antiviral effects by binding to the influenza polymerase and inhibiting RNP assembly.>®
Baker noted that this is an interesting case of how this dual functionality may safeguard
antiviral host proteins from virus antagonism.

Extracellular vesicles and RSV replication—Melanie Folkins from David
Marchant’s group at the University of Alberta presented unpublished data on the role

of extracellular vesicles in protecting RSV. The work is based on previous work by
Folkins demonstrating that amoebas can harbor RSV virions without negatively affecting
their infectivity.>6:57 Combined with the fact that RSV uses vesicle trafficking throughout
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its replication cycle®8, Folkins is investigating the role of extracellular vesicles in viral
replication.

Screening for emerging respiratory viruses—Ellen Foxman from Yale University
presented work on leveraging the airway innate immune response to screen for unexpected
or emerging respiratory viruses. Many hospitals use multiplex respiratory polymerase
chain reaction (PCR) panels to test for respiratory infections; however, this approach only
identifies viruses included in the panel. Comprehensive testing of samples that test negative
via these panels to identify new or emerging viruses is both costly and time-consuming.
Foxman’s group has previously shown that the IFN response is highly upregulated in the
nasopharynx following respiratory virus infection.5%:60 They are investigating the potential
of using the IFN response as a sensitive indicator of viral respiratory infection. Prior to

the COVID-19 pandemic, Foxman’s group screened over 200 nasopharyngeal samples that
tested virus-negative by PCR for elevated CXCL10. Subsequent analyses of these samples
found that many were infected with seasonal coronaviruses, and one case of influenza C
was identified. Transcriptome analyses suggest that it may be possible to use additional
aspects of the host response to identify the type of infection a patient has. In the early days
of the pandemic, before PCR tests were widely available, Foxman’s group screened 375
nasopharyngeal samples that tested virus-negative via conventional respiratory panels and
identified four undiagnosed cases of COVID-19. Viral genome analyses showed that these
four cases were genetically distinct, representing separate introductions of the virus. This
work demonstrates practical applications of host response-based screening in virus discovery
and surveillance.5!

Novel Insights into Respiratory Virus Biology

Monitoring the antibody response via structural biology—Andrew Ward from
The Scripps Research Institute presented work on using structural biology to monitor

the antibody response to influenza and coronaviruses. Typically, structural biology is one

of the last steps when investigating the antiviral immune response. Ward’s group has
developed new methods to move structural analyses further upstream in the process so

that they can be done in parallel with serum and repertoire analyses. The method, EM-based
polyclone epitope mapping (EMPEM) enables comprehensive epitope mapping within days
using electron microscopy.52 Ward’s group has used EMPEM to map the serum antibody
response over time in people given an H5N1 influenza vaccine. He showed that most
vaccinees had pre-existing stem antibodies, which makes sense since the stem domain is
highly conserved. Antibodies against the less conserved H5N1 head domain dominated
approximately four weeks after vaccination and subsequently wanted while the response
against the stem domain persisted.53 They have also used EMPEM to identify a new type of
stem broadly neutralizing antibodies elicited from the seasonal flu vaccine. These antibodies
target a conserved epitope and are cross-reactive against several influenza subgroups.®4
Ward’s group has adapted EMPEM to incorporate cryo-EM data (CryoEMPEM), which
provides molecular details of the antibody-epitope interaction in a relatively high-throughput
manner.55.66 He showed how they used cryoEMPEM to map the antibody response to
seasonal coronaviruses using stabilized spike proteins. They found that most individuals had
pre-existing antibodies against the N-terminal domain (NTD) while immunity against the
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more conserved S2 region was limited. They identified different antibody classes based on
their epitope, including those that block the sialic acid receptor binding site, those that bind
the C-terminal domain loop, and those that bind across protein subunit interfaces, likely
preventing the conformation change from the prefusion to postfusion forms.8” Ward hopes
that insights like these can inform vaccine design.

Impairments in the interferon response and susceptibility to SARS-CoV-2—
Martin Schwemmle from the University of Freiburg presented work on what drives the
age-dependent severity of COVID-19. Both age and impaired IFN response correlate with
disease severity in those with COVID-19.98-70 Schwemmle’s group has established a
mouse model to investigate whether there is a connection between age-dependent disease
severity and an impaired IFN response. He showed that the enhanced susceptibility of aged
mice to SARS-CoV-2-induced disease correlated with an increased viral load compared to
adult mice, even though lung pathology was similar between the two age groups. Aged
mice exhibited a delayed, diminished, and dysregulated immune response. In particular,
Schwemmle showed that impairments in the IFN-y response may be responsible for age-
dependent disease severity. In adult mice deficient in type | and type Il IFN signaling,
disease severity was similar to that of aged mice. Knocking out the IFN-y receptor
increased disease severity, while knocking out the IFN-a and -y receptors sensitized

adult animals to disease. Therapeutic administration of IFN-A was able to reduce disease
severity and mortality in adult mice with the IFN-a receptor knocked out but did not

have a dramatic effect as either a prophylactic or therapeutic treatment in aged mice.
However, supplementing IFN-A with IFN-y in aged mice reversed the age-dependent
disease phenotype. Together, these data demonstrate a complex relationship between IFN
signaling and COVID-19 disease severity, clarifying the nonredundant antiviral roles of type
I, 11, and 111 IFNs. They also demonstrate a potential therapeutic role for IFNs.”

An artificial library-based approach to studying defective viral genomes—
Alistair Russell from the University of California, San Diego presented work on analyzing
defective influenza A viral genomes. Defective or nonstandard viral genomes often arise

as a result of large internal deletions as the virus replicates. These deletions reduce the
overall fitness of the virus population, both by competing for resources with intact viral
genomes and by activating the host innate immune response. Studying these deletions has
been difficult. They occur stochastically, so teasing out the impact of a specific deletion
versus defective viral genomes as a whole can be difficult. In addition, methods that depend
on PCR enrichment can distort the abundance of deletions. Russell’s group is overcoming
these barriers using an artificial library-based approach that uses barcoding to sample the
library in an unbiased fashion. He showed that deletions display a fitness optimum between
300 and 600 nucleotides, which is consistent with the diversity seen in nature. In addition,
stimulation of the IFN response did not correlate with the length of the defective genomes,
indicating that other properties are important for the host immune response.”?

Insights from human challenge studies—Christopher Chiu from Imperial College
London gave an overview of how human challenge studies can provide important, unique
insights on respiratory virus infections and determinants of disease. Human infection
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challenge studies offer an opportunity to study viral infection with a known strain, constant
dose, and detailed assessment of clinical and immunologic readouts. Unlike most field
studies, challenge studies enable researchers to sample pre-infection, early infection, and
asymptomatic infection to tease out host susceptibility and protective factors.”3 Chiu showed
how human challenge studies of RSV infection have provided information on viral load
dynamics and symptoms. Serum antibody levels against RSV have been a poor indicator

of protection; however, challenge studies showed that nasal antibody levels correlate more
strongly with infection, although they do not completely explain why some individuals

are protected against infection while others are not.”* However, more recent studies in
healthy older adults, who had both higher infection rates and viral loads than younger
individuals, showed that nasal IgA responses were impaired with aging with systemic

IgG potentially compensating.”> RNA sequencing of nasal tissue samples has revealed
differences in transcription prior to infection and during the virus incubation period that
correlate with the development of symptomatic infection. For example, individuals with
higher expression of genes associated with neutrophilic inflammation prior to infection were
more susceptible to infection. Work in a mouse model to understand the mechanism showed
that pre-infection neutrophils enhance the recruitment of immunopathogenic CD8* T cells.”®
This work is another example of a common theme throughout the meeting—CD8* T cells
can be a double-edged sword when it comes to infection. While they are important for

viral clearance, they can also have pathologic effects if dysregulated. Chiu also gave an
overview of the first SARS-CoV-2 human challenge study, which was conducted during

the pandemic. In a small study of 34 seronegative individuals, the infection rate was
approximately 50%. Uninfected individuals did not develop a neutralizing antibody response
despite transient viral detections in a proportion. Data from infected individuals revealed
viral kinetics, including exact assessments of incubation period and viral shedding.”” Now
that the majority of the population has been vaccinated and/or exposed to SARS-CoV-2,

this study cannot be easily replicated but these data long with human challenge studies

of breakthrough infection may be useful to understand factors associated with protection
against primary and breakthrough infection as well as in trials of new vaccines and other
interventions.

Influenza reassortment in animal hosts—Ketaki Ganti from Emory University
presented work on understanding influenza A reassortment in swine. Swine is an important
intermediate host between human and non-human animals for influenza. The potential for
reassortment within such a host would increase viral diversity and potentially increase viral
fitness. Ganti, a research scientist in Anice Lowen’s group, is interested in understanding
whether the within-host dynamics of influenza A infection in swine are conducive to
reassortment. They quantified reassortment in swine using well-matched parental strains
of human pandemic H1N1 influenza virus. Ganti showed that reassortment yielded modest
viral diversity in the nasal tract. Overall, there was limited viral mixing between anatomic
sites, and viral replication was highly compartmentalized within the respiratory tract. These
data suggest that the concept of swine as a viral mixing vessel may be more a result of
permissiveness to infection than of high reassortment.”8
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Prevention and Treatment Strategies: Vaccines and Antivirals

The symposium ended with a session on novel prevention and treatment strategies. Speakers
gave an update on the clinical results for Pfizer’s RSV F protein vaccine, discussed
challenges and strategies regarding seasonal and pandemic influenza virus vaccines,
reviewed efforts to create broad-spectrum coronavirus antivirals to increase pandemic
preparedness, and shared preclinical insights on the immunogenicity of COVID-19 boosters
in a population that has largely been exposed to SARS-CoV-2.

Clinical data on a prefusion RSV F protein vaccine—Ilona Munjal from Pfizer
gave an overview of the company’s progress on different approaches to developing an RSV
vaccine for infants and the elderly. Nearly everyone is exposed to RSV as a child; however,
exposure does not lead to durable, lifelong protection, and RSV disease contributed to high
morbidity and mortality among infants and the elderly.”® Early efforts to create an RSV
vaccine focused on a post-fusion conformation of the viral F protein and led to enhanced
disease. Newer efforts, including Pfizer’s RSV vaccine, have leveraged structural studies
of the F protein to stabilize it in its prefusion conformation.8%:81 Munjal described Pfizer’s
maternal vaccination program to protect young infects from RSV. In a phase 2b trial, the
RSVpreF vaccine was shown to boost neutralizing antibody titers when administered to
healthy pregnant women. High titers of neutralizing antibodies were also detectable in the
cord blood after birth, indicating that protective antibodies are efficiently transferred across
the placenta. A post-hoc analysis showed that RSVpreF prevented lower respiratory tract
infections (LRTI) in infants whose mothers were vaccinated.82 A larger, phase 3 global
study is underway to confirm the efficacy of RSVpreF in infants. A separate program in
older adults showed that RSVpreF elicits a robust immune response with a good safety

and tolerability profile. 8384 While it is unclear whether the antibody response is sufficient
to afford protection, data from a phase 1/2 challenge study in healthy adults showed that
RSVpreF was highly efficacious against symptomatic and asymptomatic mild-to-moderate
infection and reduced infectious viral shedding.8% A global phase 3 trial of RSVpreF is
underway in individuals 60 years of age and older, including those at risk for severe disease.

Challenges and solutions to improving influenza virus vaccines—Kanta
Subbarao from the WHO Collaborating Centre for Reference and Research on Influenza
discussed various challenges and strategies to improve seasonal and pandemic influenza
vaccines. Currently, developing seasonal influenza vaccines takes months. By the time
vaccines are available, the predominant strains may have already mutated, rendering the
vaccine less effective.86 Subbarao noted the importance of modeling to predict which
viral clades will dominate. Modeling is especially important following the COVID-19
pandemic as low influenza activity since early 2020 means that there are limited data on
which strains are circulating. Seasonal vaccines also are less effective in some high-risk
populations, such as the elderly. Subbarao stressed the importance of research efforts to
increase immunogenicity, potentially with higher doses or adjuvants, to protect vulnerable
populations. Finally, vaccine production in embryonated chicken eggs can induce mutations
in HA that may impact the antibody response. Establishing new manufacturing methods,
such as cell-grown vaccines and recombinant HA vaccines, will be key to avoiding this
complication. In terms of a pandemic influenza vaccine, Subbarao stressed the need to
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consider breadth. Current vaccines are very strain specific.8” Creating an effective pandemic
vaccine with this conventional approach would therefore require intense monitoring of viral
genetic and antigenic drift, identifying strains that are likely to cross the species barrier

into humans, and preparing vaccine candidates against that specific strain. Enhancing the
breadth of influenza vaccines, likely by starting with a subtype-specific vaccine, would

help countries be more prepared when a zoonotic influenza virus emerges. Strategies such
as whole-virion vaccines and multivalent vaccines may provide more breadth. Ultimately,
however, the end goal is to develop a universal influenza vaccine that targets all influenza A
viruses. The NIH has established criteria for a universal influenza vaccine®’, but technical,
regulatory, and logistical challenges remain.

Broad-spectrum coronavirus antivirals—Timothy Sheahan from the University

of North Carolina presented work on developing broad-spectrum antivirals against
coronaviruses. The past decade has demonstrated the propensity for coronaviruses to jump
from animals to humans and cause severe morbidity and mortality around the world. Having
broad-spectrum coronavirus antivirals on hand could mitigate the impact of potential future
pandemics. Sheahan discussed the potential of nucleoside analogs as antiviral drugs. They
study the potential of various agents in primary human airway epithelial cell cultures,
which recapitulate the complexity and structure of the human airway. Prior to the pandemic,
Sheahan showed that the nucleoside analog remdesivir had broad-spectrum activity against
multiple coronaviruses, including MERS-CoV and SARS-CoV-1.88-91 Remdesivir would
later become the first treatment approved for COVID-19.92 Sheahan showed that in a
transgenic MERS mouse model®3-95, remdesivir treatment reduces viral load and mitigates
acute lung injury.% His lab has also developed replication and disease mouse models of
SARS-CoV-2%.97 which have been instrumental in the preclinical assessment of several
agents.96.98.99 These studies demonstrated the importance of treatment timing. In mice,
remdesivir was only able to mitigate symptoms if given prior to or early in infection,

even though later treatment reduced viral titers.%9 Later trials in humans have similarly
shown mixed results with remdesivir treatment, potentially due to differences in when
patients receive therapy.190 Sheahan’s group has also conducted preclinical studies of
molnupiravir, another nucleoside analog with activity against several coronaviruses as well
as Ebola virus, influenza virus, and Venezuelan equine encephalitis virus.191 In a phase 2a
study, molnupiravir was shown to reduce infectious virus shedding among non-hospitalized,
unvaccinated adults with COVID-19.102 A subsequent phase 3 study showed that treatment
reduced the risk of hospitalization and death by 309103, suggesting that there is still a need
to improve current treatments and develop novel agents.

The impact of pre-existing immunity on COVID-19 vaccine boosters—Pablo
Penaloza-MacMaster from Northwestern University presented work on the effect of pre-
existing immunity on mRNA vaccine boosters. In a cohort of individuals primed with

an mMRNA COVID-19 vaccine, Penaloza-MacMaster’s group found an inverse correlation
between pre-boost antibody titers and fold increase after boosting. In other words, it
appeared that the humoral response elicited by mRNA vaccination abrogated subsequent

de novo antibody responses. Similar effects were seen in mice. Penaloza-MacMaster’s group
showed that prior immunization with mRNA-LNPs generated antigen-specific antibodies
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that accelerate the clearance of vaccine antigen upon booster immunization, via antibody
effector mechanisms. As new variants dominate, one of the key questions has been whether
booster doses should be updated to reflect current circulating viruses. Penaloza-MacMaster
showed that in mice primed with an ancestral vaccine, boosting with a monovalent Omicron-
specific vaccine was not substantially superior to boosting with an ancestral vaccine. The
ancestral boost elicited higher titers of ancestral-specific antibodies and similar titers of
Omicron-specific antibodies as the monovalent Omicron boost. 104 Studies like this are key
to informing future vaccination strategies as the virus evolves.

The neonatal T cell response to hMPV infection—Taylor Eddens from John
Williams’s group at the University of Pittsburgh presented work on understanding the
neonatal CD8* T cell response in human metapneumovirus (hMPV) infection. Williams’s
group has investigated the signaling between dendritic cells and CD8* T cells in adult

mice in response to hMPV, including the impact of PD-1/L1 signaling, which typically
downregulates T cell function.105-107 However, the immune system within the neonate lung
has distinct differences from the adult lung that may impact its response to viral infection.
In particular, the immune system within the neonate lung has a more anti-inflammatory and
tolerant phenotype.198 Eddens presented unpublished data on the role of PD-1/L1 signaling
in a neonate model of hMPV infection, including its impact on CD8* T cell function, viral
clearance, and disease pathology.
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Figure 1.
The delay that occurred in setting up the MOSAIC consortium in 2009 following the

traditional path of applying for a grant and getting it funded. This occurred despite all parties
recognising that speed was essential.
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Figure 2.
Expanding the translatable regions of viral genomes. (A) Segmented negative strand RNA

viruses (SNSVs) such as the influenza viruses transcribe their genes by ‘cap snatching’

from host MRNAs. (B) Cap shatching results in a hybrid mRNA containing host and

viral sequences. If the host mMRNA contains upstream start codons (UAUGS) this can

provide additional opportunities to translate viral proteins through ‘start snatching.” (C) Start
snatching expands the accessory proteome of SNSVs by allowing the translation of proteins
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with N-terminal extensions (from in-frame uAUGS) or novel upstream frameshifted open
reading frames (from out-of-frame uAUGS).
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