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Abstract

Positive-strand RNA viruses have been the cause of several recent outbreaks and
epidemics, including the Zika virus epidemic in 2015, the SARS outbreak in 2003,
and the ongoing SARS-CoV-2 pandemic. On June 18-22, 2022, researchers focus-
ing on positive-strand RNA viruses met for the Keystone Symposium “Positive-Strand
RNA Viruses” to share the latest research in molecular and cell biology, virology,
immunology, vaccinology, and antiviral drug development. This report presents concise

summaries of the scientific discussions at the symposium.
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INTRODUCTION

Positive-strand RNA viruses encompass many well-known and clini-
cally relevant pathogens, including enterovirus 71 (EV-71), hepatitis C
virus (HCV), dengue and West Nile virus, and coronaviruses. Given the
propensity for these viruses to mutate in addition to their capacity for
zoonosis, positive-strand RNA viruses represent constant threats to
global health, as evidenced by the recent Zika virus epidemic and the
SARS-CoV-2 pandemic.

On June 18-22, 2022, researchers focusing on positive-strand
RNA viruses met for the Keystone Symposium “Positive-Strand RNA
Viruses” to share the latest research in molecular and cell biology,
virology, structural biology, immunology, vaccinology, and antiviral
drug development. This symposium is the only conference solely ded-
icated to positive-strand RNA viruses and, therefore, represented a
unique opportunity for researchers to gain insights into this important
group of viruses.

Coronavirus RNA exonuclease: Implications for
antivirals

Mark R. Denison from Vanderbilt University described work on under-
standing the role of the coronavirus RNA proofreading exonuclease,
ExoN, and implications for antivirals. RNA viruses typically have low-
fidelity replication compared to DNA-based organisms and, therefore,
usually have limited genome size and complexity. Coronaviruses, how-
ever, are different. They have large RNA genomes of approximately
30 kb that encode multiple proteins. They also have higher basal
fidelity than other RNA viruses.! Denison argued that the proofread-
ing activity of the coronavirus protein nsp14, an exoribonuclease, may
have been important for the expansion and complexity of the RNA
genome in coronaviruses. The activity of nsp14 was first demonstrated
in severe acute respiratory syndrome-coronavirus (SARS-CoV) and
human CoV. In these studies, nsp14 activity was deemed essential
for human CoV viral replication as mutations in the exoribonuclease
active motifs decreased viral RNA synthesis and resulted in no viable
viruses.? Later work in Denison’s group showed that nsp14 activity
is not essential for all coronaviruses. Mutating the active motifs in
nsp14 of murine hepatitis virus (MHV) or SARS-CoV increased muta-
tion frequency, but the viruses were still able to replicate.3* In other
viruses, including Middle East respiratory syndrome (MERS)-CoV and
SARS-CoV-2, mutating the active motif abrogated viral replication.
Coronaviruses lacking exonuclease activity (ExoN~) were less fit than
wild-type viruses and susceptible to agents that the wild-type virus is

normally resistant to.>¢ Interestingly, ExoN~ viruses were also more

susceptible to the nucleotide analog remdesivir, which is approved as
an antiviral agent for SARS-CoV-2. These data indicate that nsp14-
ExoN is involved in recognizing errors during RNA replication and
cooperating with the polymerase during nucleotide selection. Cooper-
ative inhibition of ExoN activity may, therefore, enhance the activity
of nucleoside analogs like remdesivir.” Denison also discussed the
role of nsp14-ExoN in RNA recombination. Coronaviruses normally
undergo significant recombination with specific, predictable patterns.
In MHV lacking ExoN activity, recombination is decreased, and the
recombination patterns are altered. This suggests that not only does
ExoN facilitate recombination at distinct genomic regions but also that
recombination is a critical, normal component of viral replication.®
Denison’s work may have implications for antivirals that target coron-
aviruses. For many coronaviruses, targeting ExoN may be sufficient as
ExoN~ MERS-CoV and SARS-CoV-2 are unable to replicate. For other
coronaviruses, targeting ExoN may sensitize the virus to mutagens

and/or nucleoside analogs.

CELL BIOLOGY OF RNA VIRUSES
Mechanisms of RNA virus exit

Margaret Kielian from the Albert Einstein College of Medicine pre-
sented work on understanding the viral exit of two small, enveloped
positive-sense RNA viruses—rubella virus and chikungunya virus. The
rubella virus membrane surrounds the nucleocapsid and contains two
transmembrane glycoproteins, E1 and E2. During viral replication, E1
and E2 localize to the endoplasmic reticulum (ER) and, along with
the nucleocapsid, are transported and bud into the Golgi complex
to form virions.” Kielian presented unpublished data on a conserved
interaction between E2 and the capsid protein that promotes capsid
localization to the Golgi. Regarding the chikungunya virus, viral assem-
bly and exit typically occur at the plasma membrane, releasing the
free virus into the extracellular environment. While these virions can
infect new cells, they are also susceptible to neutralization by circulat-
ing antibodies. Many viruses have also devised various mechanisms for
cell-to-cell transmission, in which a virus infects a target cell viainterac-
tions with an infected cell. The virus is thus not subject to neutralizing
antibodies and can thus evade the immune system.1° Alphaviruses,
like the chikungunya virus, are well known for efficient transmission
by free virus particles. Kielian’s group has observed, however, that
alphaviruses can also induce long intercellular extensions (ILEs) in
infected cells that form stable contacts with neighboring cells.!* She
showed unpublished data that support the role of ILEs in cell-to-cell

transmission.



Autophagy during EV-Dé8 infection

William T. Jackson from the University of Maryland presented work on
the role of autophagy in the life cycle of the picornavirus enterovirus
D68 (EV-D68) and how interactions with the autophagy machinery
may provide a mechanistic rationale for the paralysis some people
experience. Autophagy is an important part of cellular homeostasis and
organelle turnover. Double membrane autophagosomes engulf their
cargo and consecutively fuse with endosomes and lysosomes to cre-
ate an acidic environment that leads to cargo degradation. Jackson
showed that both EV-Dé68 and poliovirus use the autophagy machinery
during replication. Specifically, acidic autophagosomes (amphisomes)
promote capsid maturation, the final step in generating infectious
virus. If the virus were to remain in an ever-acidifying vesicle, how-
ever, it would be degraded. Jackson showed that the viral protease
EV-D68 3C prematurely halts autophagy by cleaving the host pro-
tein SNAP-29, which mediates autophagosome and lysosome fusion.2
Jackson proposed that the ability of EV-D68 3C to cleave SNAP pro-
teins may also provide a mechanistic explanation for the paralysis
the virus causes. In neuronal cells, SNAP-25 regulates neuronal func-
tion by mediating acetylcholine release at the synapse. Cleavage of
SNAP-25 by botulinum toxin results in flaccid paralysis.’® Jackson’s
group has found that EV-D68 3C has similar activity against SNAP25,
which could account for muscle weakness prior to neuronal cell
death.

Double-membrane vesicles in viral infection

Ralf Bartenschlager from Heidelberg University presented work on
understanding the formation of double-membrane vesicles (DMVs)
during SARS-CoV-2 infection (Figure 1). DMVs are cytoplasmic
structures induced by viral proteins that serve as sites of viral RNA
synthesis. Three-dimensional imaging has revealed the presence of
ER-derived DMVs scattered throughout SARS-CoV-2-infected cells.1*
Since these DMVs resemble structures identified in HCV-infected
cells and autophagosomes, which also form at the ER, Bartenschlager’s
group investigated whether the autophagy pathway plays a role in
the replication of both viruses. They found that while replication of
these two viruses does not require autophagy per se, it does require
parts of the autophagy machinery, notably PI3K.'5 In a search for
cellular lipid pathways involved in DMV formation by HCV and SARS-
CoV-2, Bartenschlager’s group isolated DMVs from HCV-infected
cells and conducted proteomics. They found that DMVs contain
(AGPAT)
which catalyze the conversion of the lipid lysophosphatidic acid into
phosphatidic acid (PA). In both SARS-CoV-2- and HCV-infected cells,
AGPAT activity and the production of PA were important for viral repli-

1-acylglycerol-3-phosphate-O-acyltransferase enzymes,

cation and DMV formation. Possible mechanisms for how PA promotes
DMV biogenesis include inducing membrane curvature, recruiting
PA-binding cellular or viral proteins, or regulating lipid transport at
DMVs, 16

Inferring the evolutionary history of RNA viruses

Tero Ahola from the University of Helsinki discussed the membranous
replication structures of RNA viruses and how they may inform the
evolutionary history of RNA viruses. The two types of membrane repli-
cation structures, DMVs and spherules, are concordant with the new
phylogenetic grouping of positive-sense RNA viruses, which is based
solely on the conservation of the polymerase. Spherules are always
found in members of the phylum Kitrinoviricota (which contains alpha-
and flaviviruses), while Pisuviricota (picorna- and nidoviruses) replica-
tion sites have more complex morphologies, including DMVs. Ahola
proposed that membrane association of the replication complex is a
primordial characteristic and may have provided an advantage for virus
replication in early eukaryotic cells with internal membranes. Based
on structural and functional information on the replication sites of
alphaviruses, coronaviruses, and picornaviruses, he asserted that Pisu-
viricota and Kitrinoviricota evolved membrane association separately
and that parallels between these two phyla represent convergent

evolution.”

STRUCTURAL VIROLOGY OF POSITIVE-STRAND
RNA VIRUSES

Alphavirus assembly: Interactions within spike

Suchetana Mukhopadhyay from Indiana University discussed the
viral protein-protein interactions important for alphavirus assem-
bly. Alphaviruses are enveloped viruses with transmembrane trimeric
spike proteins that protrude from the virus and mediate viral entry.'8
Mukhopadhyay focused on the different conformations of spike and
how interactions between the three spike proteins, E1, E2, and ES3,
change throughout the virus life cycle. Prior to viral entry, a spike
exists in a metastable conformation characterized by a large interface
between E2 and E1. As the pH decreases, this interface disassoci-
ates and induces conformational changes in the spike that enable it
to adopt its fusogenic form, fuse with the endosomal membrane, and
enter the cell.1?-21 During viral assembly, interactions between E3
and E2 stabilize the E2-E1 dimer to ensure that the dimer remains
intact as the virus travels through the acidifying secretory pathway. As
the spikes transit through the trans-Golgi network, E3 is cleaved off,
resulting in the aforementioned metastable spike conformation.22-24
Mukhopadhyay’s group has recently demonstrated the importance of
interdimer interactions between E2 and E1 in which a region of E2 is
sandwiched between an E1 protein of a neighboring dimer. This inter-
action is important for generating the trimer of E2-E1 dimers observed
on the surface of the virus. Her group generated a chimeric virus that
disrupts this interaction in which residues in E2 involved in the inter-
dimer interaction are mutated to the chikungunya sequence, while
the rest of the virus is a wild-type Sindbis virus. This chimeric virus
formed defective particles, the phenotype of which was more appar-
ent in mammalian cells than in mosquito cells. Similarly, the chimeric
virus displayed growth defects in mammalian but not mosquito cells.?



HCV

SARS-CoV-2

PA to LPA conversion

@0D—— VU0359595

@5D— mL298

G?;e‘ ?

Cl976

R59022

Autophagy and PI3K

ER -
membrane J_

Phagophore/
Isolation membrane

Omegasome

Induction Elongation

& ULK1 complex @ Clil PI3K complex & Elongation complex

[0

£

(@)

(/2]

(@)

(@)}

@®

8

Qo

o .'.

e g

= i

© = [ ; 3 ,
Kondylis et al., Autophagy 2013

FIGURE 1 Factors commonly involved in double membrane vesicle formation.

Second-site revertants identified that glycosylation plays an important
role in the assembly of the spike complex.

Structural insights into alphavirus cell entry

Daved H. Fremont from Washington University discussed attach-
ment factors for different alphaviruses. Fremont’s group, in collab-
oration with Michael Diamond, has identified Mxra8 as a receptor
for several arthritogenic alphaviruses, including chikungunya virus,
O’nyong’nyong virus, Mayaro virus, and Ross River virus, among most
mammals.2® The structure of Mxra8 reveals a unique topology con-
sisting of two strand-swapped lg-like domains. Cryogenic electron
microscopy (cryo-EM) structures of Mxra8 in complex with chikun-
gunya viral particles have illustrated how Mxra8 interacts with the
viral spike protein.2’ The structures also reveal why Mxra8 does
not support alphavirus infection in cattle. Bovine Mxra8 contains a
15-amino acid insertion, likely a result of DNA replication slippage.

These residues form a loop that interferes with the interaction

between Mxra8 and the E2-E1 heterodimer. Deleting this inser-
tion from bovine Mxra8 restored the binding of chikungunya par-
ticles, while adding the insertion into murine Mxra8 blocked virion
binding.28 Fremont’s group has also identified LDLRAD3 as the attach-
ment receptor for the Venezuelan equine encephalitis virus (VEEV).2?
CryoEM structures show that LDLRAD3 binds a cleft formed by two
E2-E1 heterodimers. This interaction is reminiscent of that between
Mxra8 and chikungunya virus, even though Mxra8 and LDLRAD3 are

not similar from a structural or sequence perspective.2’:30

Virus-antibody complex structures

Richard J. Kuhn from Purdue University presented work on virus-
antibody complex structures. These structures can provide insights
into antibody binding affinity and potency, mechanisms of neutral-
ization, and antibody cross-reactivity. They may also inform efforts
to re-engineer existing antibodies to improve affinity, specificity, and

function. Kuhn focused on flaviviruses, specifically the dengue virus.



Twenty years ago, Kuhn was instrumental in solving the cryo-EM struc-
ture of the dengue virus, showing that the glycoproteins in mature
virions are arranged with icosahedral symmetry with three enve-
lope proteins per asymmetric unit.3! Despite the seeming simplicity
of this arrangement, the dengue virus structure is quite complex.
Kuhn showed that the virions can be quite heterogeneous, which
can impact the epitopes available to antibodies. For example, cleav-
age of the premembrane (prM) structural protein, which typically
occurs at the plasma membrane prior to viral release, can be ineffi-
cient, resulting in mature, infectious virions that contain prM instead
of membrane (M) protein. Kuhn showed cryo-EM structures of two
neutralizing antibodies that recognize prM. His group characterized
a small panel of prM-reactive antibodies and revealed both cell
type- and maturation state-dependent differences in their neutraliza-
tion potency.32 Other epitopes are found in the loop regions of the
E protein.3334 However, recent evidence suggests that some neutraliz-
ing antibodies recognize quaternary epitopes within E proteins, which
are only present in the intact virion. These quaternary sites elicit
highly potent antibodies, which may prove instrumental in vaccine

design.3334

Structural insights into the mechanism of a
SARS-CoV-2 antiviral

Ashleigh Shannon from Bruno Canard’s group at AIX Marseille Uni-
versity presented her work on the structure of the nucleoside analog
AT-9010 bound to the SARS-CoV-2 polymerase, nsp12. AT-9010 is the
active, triphosphate form of AT-527, also known as bemnifosbuvir, a
guanosine nucleoside analog produced by Atea Pharmaceuticals. Cryo-
EM structures indicate that AT-92010 binds to two sites within nsp12—
the C-terminal RNA-dependent RNA polymerase (RdRp) domain and
the N-terminal nucleotidylation (NiRAN) domain. The structure reveals
how the incorporation of AT-9010 in the growing RNA chain results in
the termination of RNA synthesis by preventing the correct alignment
of the incoming NTP. With regard to the NiRAN site, AT-9010 binds in
a flipped orientation compared to native NTPs, out-competing native
nucleotides and inhibiting NiRAN activity.3?

Structural insight into Nsp15 activity

Meredith N. Frazier, currently at the College of Charleston, presented
work from Robin Stanley’s lab at the National Institutes of Health
(NIH) on how cryo-EM structures of SARS-CoV-2 Nsp15 reveal insights
into nuclease specificity and dynamics (Figure 2). Nsp15 is found in
all coronaviruses. It helps to hide replicating viruses from host recep-
tors, thus limiting the host immune response. Hexamerization of Nsp15
is necessary for its endoribonuclease activity. Cryo-EM structures of
RNA-free Nsp15 indicate that the protein is fairly flexible. Frazier
noted that this flexibility may be important for substrate recognition
and/or allosteric communication across the protein.®¢ Additional struc-

tures of the protein in the post-cleavage state bound to single-strand

(ss)RNA reveal interactions between neighboring protomers, demon-
strating why oligomerization is important for activity.>” More recently,
structures of Nsp15 bound to double-strand (ds)RNA show that Nsp15
binds and cleaves dsRNA through the contribution of three protomers,
supporting the importance of a hexameric arrangement for binding to
dsRNA substrates.>®

NEW MODELS OF VIRUS INFECTION
Using organoids to understand interspecies activity

Kwok-Yung Yuen from the University of Hong Kong presented work
on developing organoid models to study animal viruses. Over the past
20 years, the potential for animal viruses to jump into human hosts
has been illustrated multiple times, from SARS-CoV-1 in 2003,37-41
MERS-CoV in 2012,2 and SARS-CoV-2 in 2019.4% Yuen’s group has
been instrumental in identifying the animal sources of these viruses
and in tracking down ancestral viral strains among natural animal
reservoirs.**=48 Over the past year, his team has discovered more
than 80 viruses, including more than 30 coronaviruses. Some of
these are close relatives to the viruses responsible for the SARS-
CoV-1, MERS-CoV, and SARS-CoV-2 outbreaks as well as others.*?:°0
Often, these viruses are rarely cultured and knowledge about them
is limited to their genome. Yuen’s group is developing intestinal and
airway organoid models to culture viruses and predict their poten-
tial for interspecies jumping. He showed that lung organoids can
differentiate between human-adapted avian and swine influenza
viruses and nonadapted viruses. Those that had adapted to humans
grew better than those that had not.°! Similarly, the SARS-CoV-2
Omicron variant demonstrated higher infectivity and fitness than the
wild-type virus in airway organoids.? In intestinal organoids, SARS-
CoV-1 was better than SARS-CoV-2 at infecting cells, consistent with
the fact that SARS-CoV-1 is more likely to cause diarrhea among
infected individuals.>3>4 Yuen’s group has also developed bat intestinal
organoids and demonstrated the ability of SARS-CoV-2 to replicate.®
They are now using these organoids to investigate the potential for
novel coronaviruses to jump into new species and to test the activity

of antivirals.

Organoid models of the maternal-fetal interface

Carolyn B. Coyne from Duke University discussed work on develop-
ing organoid models of the maternal-fetal interface to understand how
infection impacts the immunologic crosstalk between the fetal placen-
tal tissue and the maternal decidua tissue. Modeling the maternal-fetal
interface has been challenging. Easy-to-use, cost-effective models
like cell culture do not faithfully recapitulate the interface, while
more biologically relevant models, like tissue explants, are difficult to
establish. In addition, differences between mouse and human placen-
tas mean that results from animal studies cannot always be translated

to humans.”® In 2018, organoids derived from early-term human



FIGURE 2 Nsp15bound to dsRNA.

placentas were developed. While these organoids have significant
potential to change the field,’”>® the regulatory issues surrounding
working with fetal tissue are complex and ever-changing. Coyne’s
group has developed methods to generate maternal-fetal organoids
from full-term human placentas. They have generated matched tro-
phoblast organoids, the fetal cells that comprise the placenta, and
decidua organoids, the maternal tissue that interacts with the placenta.
She showed that these organoids recapitulate the innate immune sig-
natures of primary cells and tissue explants, including the constitutive
secretion of the antiviral interferon (IFN)-12.%? The group intends to
build a large, diverse biobank of these matched organoids. They have
also developed chorion organoids and amnion primary epithelial cells,
and have established various methods to investigate communication

between these systems.

Using organoids to model respiratory virus infection

Katja C. Wolthers from Amsterdam University Medical Center
described work using organoids to model human enteroviruses and
parechoviruses. In human airway organoids, infection with various
EV-71 strains showed that mutation at position 145 in the VP1 cap-
sid protein was associated with viral infectivity.?® Unpublished work
implicates arole for heparan sulfate binding in the increased viral repli-
cation seen with VP1-145Q viral strains. This is consistent with human
data showing that variation at position 145 is associated with disease
severity®! and that heparan sulfate binding variants of EV-71 cause
viremia and neuroinfection.®? Wolthers’s group is also using organoids
to model EV-Dé68 infection. Previous work demonstrated that EV-D68,
which can cause acute flaccid paralysis, can infect neuronal cells.



Similar to EV-71, the infection efficiency of EV-Dé8 is related to
a mutation at site VP1-271, which is involved in heparan sulfate
binding.®® Wolthers showed unpublished data modeling EV-D68 infec-
tion in brain organoids. Finally, Wolthers’s group is using organoids to
model parechovirus infection. Parechovirus is an important cause of
sepsis-like illness and central nervous system (CNS) infection in young
children, but not much is known about its pathogenesis.®* It is gen-
erally assumed that the pathogenesis of parechoviruses is similar to
that of enteroviruses, namely that they use the respiratory pathway
and gut as viral entry sites and spread to their target organs via the
blood and lymph. Wolthers showed that both parechovirus genotypes,
PeV-A1 and PeV-A3, can infect the human airway epithelium from the
basolateral side®® and the intestinal epithelium.®® The two genotypes
showed differences in replication kinetics, cell tropism, and immune
response, which may explain the differential symptomology patients

experience.®®

Modeling neurotropic viral infection in brain
organoids

Guo-Li Ming from the University of Pennsylvania presented work on
using brain organoids to model neurotropic viral infections. Ming’s
group has developed a protocol to generate region-specific brain
organoids, including the forebrain, midbrain, and hindbrain. Fore-
brain organoids resemble the fetal cortical brain during the second
trimester and recapitulate many human-specific features, including
human-specific neural stem cells, a rudimentary laminar organization
with all six cortical layers, and functional neurons.®”:%8 Infection of
these forebrain organoids with Zika virus reduced the number of
neural stem cells and neurons and resulted in morphological changes
that resemble features of microcephaly. Ming's group has used
these organoids to screen for neuroprotective and antiviral com-
pounds that may mitigate the effects of Zika infection.6”:¢?-71 To
engineer better brain organoids, Ming’s group has developed a slic-
ing method that bypasses the diffusion limit, enabling forebrain
organoids to mature further. These organoids resemble the third
trimester of human cortical development and contain late-born neu-
ral lineages that were not present in other forebrain organoids.”?
Finally, Ming described her work on modeling SARS-CoV-2 infection
in region-specific brain organoids. She showed that while SARS-CoV-2
showed limited ability to infect cortical, hippocampal, hypothalamic,
and midbrain organoids, it robustly infected choroid plexus organoids.
These data provide evidence for tropism-specific infection by SARS-

CoV-2 and support the use of organoids to study viral infection.”®

Camy S. Guenther from Rushika Perera’s group at Colorado State
University presented unpublished work on the impact of dengue
virus infection on lipid metabolites. Jasmine Moshiri from Karla
Kirkegaard’'s group at Stanford University presented work using
3D colonic epithelial organoids to study EV-71 infections in the
gut.

INNATE IMMUNITY AND EVASION

Innate immunity sits at the crossroads between the body’s intrinsic,
initial defenses and acquired adaptive immunity. Viruses have adapted
mechanisms to evade many innate immune pathways, resulting in pro-
longed viral infection and stunting the adaptive immune response.
Understanding innate immunity is, therefore, crucial to understand-
ing the outcome of viral infections. Speakers in this session discussed
restriction factors to viral infection and antiviral aspects of innate

immunity.

An expanded role for the restriction factor TRIM5a

Sonja M. Best from the NIAID presented work on the restriction
factor TRIM5a. In nonhuman primates, TRIM5a robustly blocks HIV
infection by recognizing the mature viral capsid. Coating of the cap-
sid by TRIM5a promotes early capsid uncoating and inhibits the
early replication events of incoming retroviruses. While TRIM5a had
been known for its role in blocking retrovirus infection, little was
known about its ability to restrict other types of viruses. Best’s
group has shown that TRIM5a can restrict several flaviviruses as
well. They tested the ability of TRIM5a to restrict flaviviruses and
found that viruses belonging to the tick-borne encephalitis serogroup
were sensitive to TRIM5a, while mosquito-borne viruses were not.
Additional studies into the mechanism of this effect showed that
TRIM5a binds to the viral proteins NS2B/3 during replication and
mediates its degradation by the proteasome.”* Best also presented
unpublished work illustrating why some flaviviruses are resistant to
TRIM5a. Her work shows that TRIM5a can recognize diverse viral
molecular patterns and is not limited to recognizing early events
and structural proteins, as it does for HIV, but can also recognize
nonstructural proteins at later time points in the viral replication
cycle.

Anticoronavirus activity of the restriction factor Lyée

John W. Schoggins from the University of Texas Southwestern
described his group’s work on understanding how the coronavirus
restriction factor, Lyée, functions in vivo. Schoggins’s group has
set up a workflow to discover IFN-stimulated genes and investi-
gate their mechanisms and in vivo functions. Ly6e was discovered
in such a screen for inhibitors of 229E coronavirus. It is a small,
glycosylphosphatidylinositol-anchored protein found on the cell sur-
face. Schoggins showed in cell culture that Lyée inhibits multiple
coronavirus strains by impairing spike-mediated fusion, thus blocking
viral entry. To further understand the role of Lyée in vivo, Schog-
gins’s group developed a mouse model in which Lyée is knocked out in
immune cells. He showed that Lyée knockout sensitizes mice to infec-
tion with MHV.”> Schoggins showed unpublished data on the role of
Lyée in protecting mice from SARS-CoV-2 infection and pathogenesis.



Probing maternal-fetal immunology via viral
infection

Kellie Ann Jurado from the University of Pennsylvania discussed work
on understanding innate immunity to congenital Zika virus infection. It
is rare for viruses to cause congenital infection as the placenta mounts
strong defenses to protect the developing fetus.”® Understanding Zika
virus pathogenesis, therefore, offers an opportunity to not only under-
stand the pathogen but also to better understand the host and host
immunity. Jurado was involved in the development of a pregnancy
mouse model to probe the role of type | IFN during pregnancy. Imag-
ing studies showed that in infected mothers, the maternal-fetal barrier
is disrupted in IFN heterozygotic fetuses but remains intact in full IFN
knockout fetuses. These data implicate type | IFN signaling as a medi-
ator of pregnancy complications and key contributor to fetal demise
in the setting of Zika infection.”” This work laid the foundation for
Jurado’s current research program on understanding maternal-fetal
immunology using the Zika virus. She presented unpublished data from
her independent research lab on the immune regulatory role of IL-27 at

the maternal-fetal interface.

Species-specific small regulatory RNA pathways in
mosquitoes

Gregory D. Ebel from Colorado State University presented work on
understanding how antiviral innate immune responses in mosquitoes
impact virus transmission, with a focus on the West Nile virus.
Mosquitoes have multiple pathways that mediate viral defense. Ebel
focused on two small regulatory RNA pathways (SRRP) in Culex
mosquitoes, the exo-siRNA and piwi pathways. Previous work has
demonstrated that the West Nile virus experiences different evo-
lutionary pressures in birds and mosquitoes. Ebel showed that the
induction of RNA interference in mosquitoes creates an environment
that favors rare genotypes, thus driving West Nile virus diversity.”®7?
Ebel’s group has developed a bioinformatics pipeline to examine SRRP
activation in Culex mosquitoes. They found that virus-derived small
interfering RNAs induced by West Nile virus infection were primar-
ily exo-siRNAs; no bona fide piRNAs were detected in multiple Culex
mosquito tissues.®° This finding was somewhat surprising because sev-
eral studies have demonstrated a role for piRNAs in antiviral defense in
other mosquito species.81-8> However, Ebel’s work demonstrates that
in Culex flavivirus systems the siRNA pathway is more important than
the piRNA pathway. Ebel presented unpublished data on the impact of

RNA interference on West Nile transmission by Culex mosquitoes.
A multitrait locus associated with sarbecovirus
pathogenesis

Alexandra Schéafer from Ralph Baric’s lab at the University of North

Carolina presented work on identifying a multitrait locus that regu-

lates sarbecovirus pathogenesis. Schifer used the genetically diverse
collaborative cross mice to identify strains that demonstrate a range of
phenotypes to SARS-CoV infection in terms of weight loss, viral titers,
and mortality. These phenotypes were associated with a quantitative
trait locus that clustered in a region on chromosome 9.8¢ Several of
these genes display synteny with genes identified in a human GWAS
study that correlate with COVID-19 disease severity.87:88 Schafer
showed that knocking out two of the six ortholog genes in this region,
CCR9 and CXCRé, prevented recovery from SARS-CoV-2 infection,
increased inflammatory response and mortality, and was associated
with prolonged lung dysfunction. This study validates the collaborative
cross as a platform to identify and validate novel susceptibility genes

that regulate emerging virus pathogenesis across species.2¢

IMMUNE CORRELATES OF PROTECTION

Characterizing the SARS-CoV-2 immune response:
Examples from Singapore

Lisa F. P. Ng from A*STAR gave an overview of how several research
groups worked together to characterize the SARS-CoV-2-mediated
immune response, including the mechanisms underlying severe dis-
ease progression, biomarkers related to diagnosis, mild, and severe
disease, and humoral responses. Early in the pandemic, A*STAR infec-
tious diseases labs worked to understand the cytokine response to
SARS-CoV-2 infection to understand the mechanism of severe disease.
They compared the cytokine profile of uninfected controls and infected
patients with varying disease severity and found systemic upregulation
of several inflammatory cytokines in those with severe disease.?? They
also followed the systemic cytokine response in convalescent patients
after recovery and showed that patients exhibit a disrupted cytokine
profile up to 6 months after infection.”® Additional research identified
a cellular profile associated with acute COVID-19 disease character-
ized by a population of inflammatory monocytes and neutrophils. The
study suggested that the ratio of immature neutrophils to a specific
T cell population could serve as an early marker of severe COVID-19.71
Finally, Ng described work on the immune response to the COVID-19
vaccines. Analyses of the memory B cell response among vaccinated
individuals showed that while those with breakthrough infections (pri-
marily of the Delta variant) did not have an inferior plasma antibody
response, they did have a lower memory B cell response. They also
showed that those who experienced breakthrough infection with the
Delta variant had a muted inflammatory response that was similar to
that of uninfected individuals.?? Similar data for the Omicron variant
helped to inform the country’s public health response to the pandemic
as Omicron swept the world. Given that the majority of the Singa-
pore population was vaccinated and that Omicron infection produces
mild systemic inflammation, policymakers were comfortable relaxing
many COVID-19 protocols despite rising cases. Ng stressed that this
is one example of how seemingly basic research can impact public

policy.



FIGURE 3 Structure of MERS-CoV PLpro (in green) in complex
with ubiquitin (orange), adapted from Bailey-Elkin et al. J Biol Chem.
2014.

Understanding the deubiquitinating activity of
coronavirus proteases

Marjolein Kikkert from Leiden University Medical Center presented
work on how the coronavirus papain-like protease (PLpro) modu-
lates the innate immune response (Figure 3). PLpro cleaves the viral
polypeptide to generate mature proteins. It also has a deubiquitinat-
ing (DUB) activity. As many innate immune pathways are regulated
by ubiquitination, Kikkert’s group hypothesized that the DUB activity
of PLpro may inhibit innate immune signaling. Kikkert showed unpub-
lished data on the impact of blocking PLpro DUB activity on MERS-CoV
replication and disease outcome in a mouse model. The potential of
DUB-less MERS-CoV as a vaccine was also explored. She additionally
presented unpublished work on developing ubiquitin-based inhibitors

of PLpro as potential antivirals.

Immune responses to SARS-CoV-2 infection and
COVID-19 vaccines

Alessandro Sette from the La Jolla Institute for Immunology presented
work on understanding immune protection mediated by SARS-CoV-2
infection and vaccination. Early in the pandemic, there was fear that
coronaviruses in general were nonimmunogenic and that a vaccine
would not be feasible. Fortunately, initial studies confirmed strong
humoral and T cell responses against the spike protein, which has been
the focus of vaccine efforts, as well as other viral antigens.?* In follow-
up studies, SARS-CoV-2 immune memory following natural infection
was shown to persist for at least 6 months, with most individuals main-
taining substantial immune memory 8 months after infection. Immune
memory was found to be complex and heterogeneous, with differ-
ent kinetics for T cell, memory B cell, and antibody responses.”* As
the virus mutates and variants emerge, Sette stressed, we must be
specific when discussing protection against SARS-CoV-2. Protection

against infection is largely mediated by neutralizing antibodies, which

are largely ineffective against new variants. In contrast, T cells play a
key role in protecting against severe disease. Thousands of cell epi-
topes have been identified across the SARS-CoV-2 genome, enabling
the T cell response to remain robust against emerging variants.”>~100
Sette’s group has compared the immune memory profile to four
COVID-19 vaccines. They found that mRNA vaccines are consistently
the most immunogenic; however, antibody levels wane over time. For
all the vaccines tested, T cell responses were fairly stable over the
6-month period. These results are consistent with the high degree
of protection against hospitalization and death that we continue to
see for the COVID-19 vaccines even as protection against infection

wanes. 101

Antibody correlates of protection from dengue virus
infection

Eva Harris from the University of California, Berkeley presented
work on defining Fc-associated antibody correlates of protection from
dengue virus (DENV) infection. She described key findings from the
Pediatric Dengue Cohort Study, a 19-year study from 2004 to the
present of 4000 children aged 2-17 years in Managua, Nicaragua.
The study contains samples collected from individuals before and
after infections, enabling researchers to look for markers of both
asymptomatic and symptomatic infections. One of the greatest risk
factors for severe dengue disease is subsequent infection with a
different DENV serotype. Within the cohort study, researchers com-
pared samples from individuals prior to a secondary symptomatic
versus asymptomatic infection with DENV serotype 3. They found
that while both groups had similar levels of neutralizing antibod-
ies, asymptomatic individuals had higher pre-existing total anti-DENV
antibody levels. Profiling the antibodies’ Fc effector functions revealed
that higher antibody-dependent complement deposition and ability to
mediate virolysis via antienvelope (E) and antinonstructural protein 1
(NS1) antibodies were associated with subsequent asymptomatic
infection.'%2 These data highlight the importance of antibody Fc func-
tions in protection from symptomatic DENV infection.’%2 Harris also
presented data from an ongoing study within the cohort to tease out
Fc antibody functions that correlate with subsequent classic dengue
and severe dengue disease, finding that antibodies that mediated com-
plement deposition and virolysis were protective against subsequent

severe disease.

Targeting hypoxia-inducible factor in SARS-CoV-2
infection

Peter A. C. Wing from the University of Oxford presented work on the
impact of hypoxia-inducible factors (HIFs) on SARS-CoV-2 infection.
HIFs impact a wide range of viruses in a context-specific manner.103
Wing showed that activating HIFs inhibits SARS-CoV-2 entry via a
reduction in ACE2 expression. Hypoxia also inhibits later events in the

viral life cycle. Inducing HIF expression after viral entry inhibited the



establishment of replication complexes.’%* The previous work demon-
strated the impact of HIF on SARS-CoV-2 in lung epithelial cells. Wing
presented unpublished data translating these results into a hamster
model of SARS-CoV-2 infection.

Innate immune signaling at the maternal-fetal
interface

Julie Eggenberger from Michael Gale’s lab at the University of
Washington presented work on understanding the maternal decidual
response to Zika infection. Earlier work has shown that the Zika virus
can infect multiple cell types in the maternal decidual tissues, which
make direct contact with the fetal-derived placenta.l> Eggenberger
has established several ex vivo and in vitro model systems to study
the decidua and innate immune signaling within the tissue. She pre-
sented unpublished data on the Zika virus and replication within these

decidual tissue and cell models.

Dietary and environmental effects of coronavirus
infection

Siddharth R. Krishnamurthy from Yasmine Belkaid’s lab at the NIH
presented unpublished work on the dietary and environmental fac-
tors that impact coronavirus infection of intestinal cells. Many zoonotic
viruses infect the intestinal cells of their hosts and must, there-
fore, adapt to the mucosal environment. Krishnamurthy developed a
novel model of intestinal murine coronavirus infection and diet and
found that the virus could only infect specific intestinal compartments
when mice were fed specific diets. Krishnamurthy showed that this
expanded tissue tropism was likely mediated by the binding of non-
spike envelope proteins to additional attachment sites on target cells.
By understanding how viruses from zoonotic families adapt to intesti-
nal niches, Krishnamurthy hopes to better understand why certain
viruses are better poised for spillover.

VIRAL EVOLUTION AND EPIDEMIOLOGY
Coronavirus spike-independent infection of bat cells

Marcus G. Mah from Gavin Smith’s group at Duke-NUS Medical School
presented research on understanding coronavirus evolution by infect-
ing bat cells. Of the seven coronaviruses known to infect humans, five
have bat-ancestral origins. Mah focused on human coronavirus 229E
(HCoV-229E). Mah serially passaged six viruses isolated from human
clinical samples in Rhinolophus lepidus bat kidney cells. Next-generation
sequencing revealed deletions in the spike region as the viruses were
passaged through the bat cells (Figure 4). Additional work confirmed
that the passaged viruses can infect and replicate within bat cells with-
out the spike protein, which is required for human infection.1%¢ This

work is consistent with previous findings that some natural bat coron-

aviruses do not bind to orthologs of their cognate receptor.1%’ It also
supports a theory proposed several years ago that ancestral coron-
aviruses only contain the machinery for nonspecific fusion and evolved
the domains of the spike protein that provide the specificity to target

cognate receptors.108

Understanding SARS-CoV-2 variant advantages

Rita M. Meganck described unpublished work from her time in Ralph
Baric’s lab at the University of North Carolina on understanding why
certain SARS-CoV-2 variants won out over prior variants. She showed
replication data in several human airway models for SARS-CoV-2 vari-
ants isolated from patient samples. Her data illustrate the different

growth kinetics and viral tropism between variants.

Genetic heterogeneity in alphaviruses

Donghoon Chung from the University of Louisville presented unpub-
lished data on the role of genetic heterogeneity in alphavirus pop-
ulations and how it varies within the infectious population and the
population as a whole.

VIRAL EVOLUTION AND EPIDEMIOLOGY
Real-time genomic surveillance of SARS-CoV-2

Sebastian Maurer-Stroh from A*STAR described the efforts to
provide real-time virus genomic surveillance for SARS-CoV-2. The
COVID-19 pandemic marks the first time that real-time surveillance
of viral sequences has been available to track an ongoing pandemic.
As of mid-2022, the Global Initiative on Sharing Avian Influenza Data
(GISAID) has received over 11 million SARS-CoV-2 genomes, con-
tributed by 100 countries within 1 month of collection. Maurer-Stroh
stressed that the success of GISAID stems from the foundation of trust
it had established with the scientific community. All the data in the
database are free and publicly available, but submitters do not forfeit
their rights to the data. Submitted sequences undergo a quality con-
trol step and are annotated with quality metrics. The database also
contains rich meta-data that includes fields for sequencing technology,
sample history, and clinical trial information. Maurer-Stroh emphasized
that GISAID is not only a repository for sequences but also provides
various tools that enable researchers to see where in the world sim-
ilar sequences are found and to identify potential emerging variants.
The tools can provide insight on whether a mutation is a founder or
marker mutation, which can help to identify where a virus comes from,
or a phenotypic mutation, which can impact viral fitness. The tool CoV-
surver provides researchers with resources and data on the reported
impact of different mutations and ranks and predicts which variants
are most likely to spread. Similar platforms have been developed for
other priority platforms, including influenza (EpiFlu™), RSV (EpiRSV),

and monkeypox (EpiPox).
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Linking SARS-CoV-2 variant epidemiology to virus J. Daniel Kelly’s groups conducted a study of vaccinated and unvac-
biology cinated individuals with Delta or Omicron infection. They found that

vaccination has little impact on viral load or viral shedding in those
Raul Andino from the University of California, San Francisco presented who experienced a breakthrough Delta infection and that Delta had
work on understanding the entry of coronaviruses and linking epidemi- a longer duration of viral shedding compared to other lineages. Omi-

ological data from the pandemic to cell biology insights. Andino’s and cron infection was associated with reduced viral shedding compared



to Delta but had higher shedding early in infection, around days 2
and 3.19 To understand how Omicron replaced Delta if it sheds less,
Andino’s and Peter K. Jackson’s groups turned to cell biology. Using
human nasal epithelium organoids-air-liquid interface cultures, they
found that the virus infects a few cells early in infection and observed
a spike in infection around 48 h. They also documented a key role for
ciliain early infection and microvilliin later infection. Andino put forth a
model in which the mucus layer initially protects cells from infection. At
this time point, viruses associate with the cilia, and some can enter the
cell. As the virus replicates, newly synthesized viruses associate with
actin-rich microvilli. Through mechanisms not yet defined, the virus
promotes the extension and branching of the microvilli, which enables
it to travel through the periciliary layer and reach new cells. They
identified two kinases, PAK1/2 and PAK4, that are activated during
infection and modulate microvilli extension. Inhibiting either of these
enzymes impacted infection at later time points. Regarding Omicron,
Andino showed that Omicron establishes infection earlier and spreads
faster than previous variants. By 24 h, when other variants are still
establishing infection, Omicron has already spread.!1° Andino’s work
demonstrates that ciliaand microvilli are important provirus organelles
inthe nasal tract and provides insight into the factors that have enabled

Omicron to supplant prior variants.

The impact of prior exposure on SARS-CoV-2
evolution

Bette Korber from Los Alamos National Laboratory discussed how
pre-existing immunity has shaped the evolution of SARS-CoV-2. SARS-
CoV-2 has quickly gone through different variants. However, the
transition between variants has not been uniform around the world.
For example, in the UK and Europe, there was a clear simple pat-
tern of variant transitions from Alpha to Beta, Delta, and Omicron.
However, in other regions of the world, the transition to Alpha had
not occurred before the Delta variant came in and dominated. At the
time of the conference, the Omicron variant had supplanted all pre-
vious variants around the world, and Omicron subvariants, namely
BA.5, had begun taking hold. GISAID data show that Omicron BA.5
is the most quickly expanding variant on every continent. Korber’s
group has been following variants of interest and found that almost
all variants that were expanding had mutations in the N-terminal
domain (NTD) and receptor-binding domain (RBD) as well as posi-
tive charge additions near the furin cleavage site. Korber showed that
selection for transition in variants can result from either enhanced
infectivity and/or neutralizing antibody resistance. The recurrence of
both NTD and RBD mutations in key epitope regions indicates that
immune escape has impacted which variants prevail. This immune
evasion was a major selective force that enabled Omicron to pre-
dominate. Korber also presented unpublished work on how her group
is using the recurrence of mutations between variants to model
serum neutralization profiles to predict the neutralization of future

variants.

CORONAVIRUSES AND RESPIRATORY VIRUSES
Potential mechanisms for long COVID

SARS-CoV-2 emerged as a respiratory virus in late 2019. As we have
learned more about COVID-19, it has become apparent the virus
impacts nearly every organ system and that a portion of patients
can experience persistent symptoms long after the virus is cleared, a

phenomenon known as long COVID.

Stanley Perlman from the University of lowa presented work on
understanding the mechanisms behind long COVID and the neu-
rological sequelae of COVID-19. Perlman focused on anosmia, or
loss of smell, which was recognized early in the pandemic as an
identifiable feature of COVID-19. Perlman proposed that chronic anos-
mia in people who have recovered from COVID-19 may serve as a
marker for an increased risk of neurological sequelae or neurode-
generative disorders.’*? Perlman’s group is using mouse models to
better understand the mechanism of SARS-CoV-2-mediated olfac-
tory system dysfunction. After confirming that the virus does induce
anosmia in mice, they looked at which cells in the olfactory system
the virus is infecting. Perlman showed that SARS-CoV-2 does not
infect the olfactory neurons, which transmit olfactory signals to the
CNS, but rather sustentacular cells, which are important for neuron
homeostasis. They also noted that infection damages the cilia in the
olfactory epithelium, downregulates the expression of olfactory recep-
tors, and increases the expression of proinflammatory cytokines and
chemokines. In addition, persistent changes in the olfactory bulb in
the brain were observed even though no virus was detected in the
brain. Based on these results, Perlman’s group has put forth a model
in which infection of the sustentacular cells in the nasal cavity disrupts
olfactory neuron function potentially via inflammatory mediators,
which impacts the perception of smell and, potentially, sites connected
to the olfactory bulb within the brain.112

Reverse genetics systems to probe SARS-CoV-2
variant characteristics

Pei-Yong Shi from the University of Texas Medical Branch discussed
the three SARS-CoV-2 reverse genetics systems his group has devel-
oped. Typically, reverse genetics systems employ infectious comple-
mentary DNA (cDNA) viral clones. Due to the size of SARS-CoV-2, Shi’s
group has created an infectious cDNA clone of the virus using seven
cDNA fragments. These fragments are ligated for in vitro transcription
of viral genomic RNA. The viral RNA transcript is transfected into cells
to create a recombinant virus with desired mutations.''3 Shi’s group
has engineered reporter genes into the viral genome that enabled them
to develop a high-throughput neutralization assay,''* which has been
used in dose-finding studies of COVID-19 vaccines.'1® They also devel-
oped a second, trans-complementation system that makes the virus
more accessible to researchers. The system results in a single-round

infectious SARS-CoV-2 virus that can be safely used in biosafety level 2



labs.11¢ The third system they developed deletes viral accessory genes
not required for replication, resulting in an attenuated virus.!'” Shi
showed how they have used their reverse genetic systems to under-
stand the viral fitness and transmission of variants. He showed that
D614G, an early variant that emerged in 2020, increased viral replica-
tion through improved infectivity in cells and primary airway culture.
In hamsters, the mutant preferentially enhanced fitness in the upper
respiratory tract, leading to enhanced transmission but did not impact
disease severity.118 By making the single point mutations of the nine
mutations found in the Alpha variant, Shi’s group pinpointed N501Y as
a key mutation that increases ACE2 binding, thus enhancing infection
and transmission.''? Similar studies on the Delta variant highlighted
the importance of the P681R mutation in enhancing viral replication

by improving $1/52 cleavage.'2°

Cell membrane remodeling during viral infection

Montserrat Barcena from Leiden University Medical Center presented
work on cell membrane remodeling during viral infection. These mod-
ified intracellular membranes, known as viral replication organelles,
play a key role in viral replication. In particular, they can support
viral RNA synthesis by concentrating on relevant factors, increas-
ing synthesis efficiency, and/or helping viral elements evade innate
immune sensing.'2! Barcena focused on the complicated vesiculotubu-
lar networks formed by viruses of the Nidovirales order. Her group is
studying coronaviruses and arteriviruses, two distantly related fami-
lies within Nidovirales, to uncover common features across the order.
Electron tomography studies have allowed Barcena’s group to visu-
alize the membrane networks induced by these viruses, revealing
hundreds of interconnected DMVs derived from the ER.17-119 Later
work confirmed that viral RNA synthesis occurs at DMVs, likely in
their interior.122-124 Using in situ cryo-EM,2> Barcena’s group dis-
covered double-membrane spanning pore complexes that connect the
lumen of the DMVs with the cytosol. The complexes contain a hexam-
eric core made of the coronaviral protein nsp3. These DMV-spanning
pores appear to be acommon feature across nidoviruses. Barcena pro-
posed that these pores may couple viral RNA synthesis, export, and

encapsidation.126

Responses to SARS-CoV-2 in bat cells

Sophie-Marie Aicher from Nolwenn Jouvenet’s lab at the Institute
Pasteur Paris presented work on understanding bat species-specific
molecular interactions and innate immune responses to SARS-CoV-2.
Bats are reservoirs for numerous RNA viruses. While SARS-CoV-2 has
not directly been found in bats, the closest known ancestor is a bat Beta
coronavirus with a sequence identity of 96.8% to SARS-CoV-2. Aicher
has established a panel of bat cell models, including primary cells and
continuous cell lines of various bat tissues from several bat species. She
induced exogenous expression of the human ACE2 receptor to render

the cells permissive to SARS-CoV-2 infection and assessed the ability

of the virus to replicate and produce infectious virions. Aicher showed
that infection with SARS-CoV-2 resulted in distinct species-specific
phenotypes in terms of viral replication and release of infectious viri-
ons. Further analyses of the molecular mechanisms involved showed
that bat cells initiate a potent IFN response upon infection that the

virus is unable to evade.?”

A QTQTN motif in spike affects replication and
disease

Michelle N. Vu from Vineet Menachery'’s lab at the University of Texas
Medical Branch presented work on a unique motif found upstream
of the SARS-CoV-2 furin cleavage site in the spike protein. The stalk
domain of the spike contains two cleavage sites that are processed by
host proteases and initiate viral entry. Previous work in Menachery’s
lab showed that the furin cleavage site, which is unique to SARS-CoV-2,
is important for pathogenesis. Structural modeling predictions indi-
cate that deleting this site shortens a loop in the spike protein. This
attenuated viral replication in respiratory epithelial cells, reduced spike
processing, and attenuated disease in a hamster model.128 Vu's work
has focused on a motif upstream of the furin cleavage site that is only
found in SARS-CoV-2 and a closely related bat coronavirus. Structural
modeling predictions indicate that deleting the QTQTN motif not only
shortens a loop in spike but also makes it more rigid. Deleting this motif
attenuated viral replication in vitro in human airway epithelial cells and
attenuated disease in vivo in a hamster model. Vu showed that the
QTQTN motif is involved in spike processing; deleting it impacts the
ability of host proteases to access the furin cleavage site. The motif also
contains a glycosylation site that is important for protease interaction
and TMPRSS2-mediated entry.12?

Probing SARS-CoV-2-mediated inflammation in the
lung

Devin J. Kenney from Florian Douam’s lab at Boston University pre-
sented work on understanding the innate immune cells that drive
inflammation and viral clearance in the lung during SARS-CoV-2
infection. To achieve this, Douam’s group has developed a panel of
humanized mouse models. Kenney showed that, in a mouse model
with engrafted human lung tissue, the tissue is permissive to SARS-
CoV-2 infection. In contrast, a coengrafted model that contains both
a human lung and a human immune system is protected from infec-
tion and severe histopathology. Proteomics and single-cell RNAseq
analyses revealed a gene signature of 11 genes whose expression
correlated with lung tissue protection. Kenney identified that these
genes were upregulated in inflammatory and regulatory macrophages
found in the lung grafts in the coengrafted model during infection.130
He also showed unpublished work that utilized single-cell RNA-
seq approaches and in vivo depletion experiments to identify the
macrophage populations likely driving viral clearance in infected

human lung tissues.



Improving the reverse genetics workflow

Brett D. Lindenbach from Yale University discussed his collaboration
with Yale colleague Farren lIsaacs to improve the reverse genetics
workflow for RNA viruses. Reverse genetics explores the impact of
genotype on phenotypes. Typically, this involved creating libraries of
viral mutants and characterizing their infectivity and other pheno-
types. The standard workflow for creating these libraries consists of
introducing cDNA viral clones into a bacterial plasmid. Creating a
robust library of viral mutants can be inefficient and time-consuming
via this workflow. In addition, some coronavirus and flavivirus cDNAs
are unstable in bacterial plasmids. Methods to overcome this insta-
bility, such as divide-and-conquer-based approaches and low copy
number vector cells, have their pros and cons.'3! Lindenbach described
how his lab has used the eukaryotic multiplex automated genome edit-
ing system, which enables precise DNA editing in yeast cells, 132133 to

create complex viral libraries in SARS-CoV-2.

VACCINES AND THERAPEUTICS

Novel antibody therapies for COVID-19 and dengue
virus

Yukiko Nishida from Chugai Pharmaceutical discussed joint research
between the company and A*STAR on developing antibody therapies
for COVID-19 and the dengue virus. The Chugai Pharmabody Research
center, established in Singapore in 2012, has developed several propri-
etary antibody engineering technologies to optimize drug candidates
for clinical purposes. Starting with a neutralizing COVID-19 antibody
discovered by A*STAR’s Singapore Immunology Network (SIgN) that
blocks RBD/ACE2 binding,'®* the Chugai Pharmabody Research cen-
ter employed antibody engineering techniques to increase antibody
neutralization activity and improve drug-like characteristics, such as
pharmacokinetics and manufacturability. The COVID-19 clinical can-
didate antibody, 5A6CCS1-SG1095ACT3, has mutations that reduce
binding to human FcyRs to reduce the risk of antibody-dependent
enhancement of infection as well as mutations that increase binding to
FcRn to increase the plasma half-life. Nishida showed that the antibody
neutralized all SARS-CoV-2 variants tested and significantly reduced
lung viral load in a hamster infection model.13> Chugai Pharmabody
Research and SIgN are also working on developing an antidengue anti-
body therapy.In 2017, SIgN researchers identified a human antidengue
antibody, SIgN-3C, that neutralizes all four dengue virus serotypes.3¢
Researchers at the Chugai Pharmabody Research center introduced
mutations into the antibody to reduce antibody-dependent enhance-
ment, which is known to increase the risk of severe dengue disease. The

antibody is currently being developed for clinical purposes.

Effect of age on vaccine-induced immunity

Laurent Rénia from the Lee Kong Chian School of Medicine presented
the efforts of PROTECT, a core group of infectious disease clinicians

and scientists in Singapore established in early 2020 to address the
pandemic. Rénia showed how the group was instrumental in develop-
ing new serologic assays for SARS-COV-2.1%7 In particular, research
identifying SARS-CoV-2-specific epitopes on the spike protein led to
a serologic test to detect COVID-19 antibodies.’®® Additional work
showed that high levels of COVID-19 antibodies were associated
with more severe disease.’3? A separate, flow-cytometry-based assay,
S-flow, can detect cell-surface expressed spike and has been used to
detect antibody production in infected patients as well as to identify
borderline or unknown cases. 49141 The focus of Rénia’s talk, however,
was on a recently published study, the SCOPE project, which investi-
gated the effect of age and viral variants on mRNA vaccine-induced
immunity. The study consisted of approximately 300 healthcare work-
ers and elderly participants who received the two-dose regimen of
the Pfizer mRNA vaccine. While the vaccine induced high immuno-
genicity, it waned over time. In addition, approximately one-quarter
of participants, most of whom were over 60 years of age, were low
antibody responders. Fortunately, the antibody response was boosted
with a third dose. In addition to being less likely to respond, elderly
participants were also slower to respond; however, their response
was more stable over time compared to younger participants. Simi-
lar to other reports, there was poor cross-reactivity against the Delta
and Omicron variants. Encouragingly, there was no age-based dif-
ference in T cell response. The data demonstrate the importance of
booster doses to maintain antibody levels and highlight the fact that
the elderly continues to be a high-risk population, even with effective

vaccines.142

Targeting neurotrophic alphaviruses

Evan P. Williams from Colleen Jonsson’s lab at the University of Ten-
nessee presented unpublished work on a new antiviral chemotype,
BDGR-164. The small molecule conferred 100%, 95%, and 70% pro-
phylactic protection against the lethal intranasal challenge of Venezue-
lan, Eastern, or Western equine encephalitis virus (V/E/WEEV) in
BALB/c, respectively. Infectious viral titer in the brain was reduced five
(W/EEEV) and eight (VEEV) logs following prophylactic treatment at
4 days post-infection. Transcriptome analyses of the brains of mice at
4 days post-infection revealed that treatment resulted in a significant

reduction in viral transcript level and host responses.
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