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Coupling field and laboratory studies of immunity and

infection in zoonotic hosts

The COVID-19 pandemic and discovery of SARS-CoV-2-
like viruses in Rhinolophus bats has reinforced the need
to identify wildlife sources of zoonotic pathogens
and to forecast where and when spillover to humans
is likely to occur. Although we have long recognised
that most emerging infectious diseases, especially
viral infections, originate in wildlife, the global virome
remains poorly characterised." Growing quantities
of host-virus association data and advancements in
statistical modelling are now facilitating our ability
to predict probable wildlife hosts and prioritise field
sampling to uncover novel virus diversity.” How best to
follow such species-level predictions for downstream
insights most relevant to the risk of zoonotic spillover is
an outstanding challenge.

Zoonotic spillover requires a pathogen to overcome
many hierarchical barriers, spanning from circulation
in wildlife to human exposure and susceptibility.? Thus,
characterising how zoonotic pathogens persist in
wildlife and identifying the conditions that shape the
prevalence of infection and viral shedding over space
and time is essential for predicting where and when
spillover is likely to occur.* Immunology has a key role
in deciphering these infection dynamics because the
immune response dictates susceptibility, tolerance
of infection, and pathogen shedding. Identifying the
within-host processes governing infection dynamics
in wildlife is crucial for forecasting the spatial and
temporal distribution of infectious hosts. For example,
pathogens that confer lifelong immunity in their host
will generate distinct epidemiological patterns in
wildlife compared with pathogens that induce short-
lived immunity or those with cycles of chronic and acute
infection.> Ultimately, understanding such immuno-
logical mechanisms is necessary to develop accurate
mathematical models of pathogen transmission, which
in turn are important predictive tools.®

We suggest that greater integration of wildlife field
studies and mechanistic molecular investigations in
the laboratory is central to achieving and enhancing
these predictive goals (figure). Bats are one such host
taxon in which this combination of approaches will be
especially fruitful. Various zoonotic viruses circulate in
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wild bats, with experimental infections establishing
select species as competent hosts for Hendra and Nipah
viruses, Marburg virus, and rabies virus, among others.>”
The persistence of viruses in bats that often cause lethal
disease in other mammals stems from a combination
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of host metapopulation dynamics and several within-
host mechanisms, including low probabilities of lethal
infection, high tolerance, and reactivation from chronic
infection.® Characterising the immune state of wild
bats has been important to lend initial support for such
mechanisms. Given the remote nature of field studies
and the small sample volumes that can be collected
non-lethally, field studies have largely relied on simple
immunological tools. However, increasingly available
annotated genomes are making shotgun techniques,
such as transcriptomics and proteomics, now feasible for
wild bat samples.®?
Field studies have identified important sources
of immunological variation in wild bats that could
relate to viral susceptibility, replication, and shedding.
Reproduction and migration both modulate bat
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Figure: Proposed iterative pipeline for coupling wildlife field studies and mechanistic molecular
investigations in the laboratory

Field sampling of known or predicted hosts can uncover novel diversity of zoonotic pathogens; establish
associations between stressors, immunity, and infection; and enable initial mathematical models of transmission
dynamics. Results of field studies can guide the development of appropriate in-vitro resources and, in turn, enable
mechanistic experiments of stressors and pathogen shedding under controlled conditions. Such results could be
used to refine mathematical models to better predict where and when zoonotic hosts are infectious and therefore
more likely to transmit to humans. Figure created with BioRender.com.
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immunity® with plausible effects on virus dynamics,
including reactivation of chronic infection.” Analyses of
Australian flying foxes also suggest nutritional stress as
a driver of bat-virus interactions, with pulses of Hendra
virus shedding occurring in winter after food shortages,
especially in urban habitats.* More broadly, field studies
have suggested crucial roles for both intrinsic (eg,
reproduction and migration) and extrinsic (eg, food
scarcity and land conversion) stressors on shaping bat
immunity and within-host dynamics of viral infection.”

Parallel to and independently of these field studies,
laboratory investigations have shed light on how
viruses replicate in bat cells and the associated antiviral
responses generated upon infection. Early studies
developed cell lines for select species, providing
key tools to explore how viruses interact with the
cellular processes of bats. Over 14 years, primary and
immortalised cells of bats and, as of 2020, organoids
have been used to mechanistically investigate how
antiviral processes have evolved differently in bats
to control virus replication and inflammation better
than human cells do.* The diversity of bats—over
1450 species—has made performing molecular studies
across this mammalian order challenging because
reagents do not necessarily cross-react. As with field
studies, annotated genomes have begun to facilitate
novel in-vitro techniques in bats, such as bulk and single-
cell transcriptomics of infected cells.? However, such
molecular resources have largely been developed from
relatively accessible bat species, and cell lines have been
derived from tissues that are also comparatively easy
to manipulate. The development of relevant resources
derived from bat species that carry viruses of zoonotic
potential is now needed.

Greater synergy between field and molecular studies
will accelerate key insights into the relationships
between reservoir hosts and zoonotic pathogens.
Dialogue between approaches is crucial to inform study
design, including, but not limited to, sample collection
and preservation in the field and the establishment
of relevant resources in the laboratory.”® Field studies
are necessary to inform the choice of host species
for immunological resource development, and virus
tropism data from such surveys (eg, assaying different
sample types) are needed to guide the selection of
tissues for cell-line and organoid generation for
mechanistic studies of host-virus interactions.

More generally, developing an iterative pipeline
between field studies and molecular investigations
will enhance efforts to predict zoonotic risk across a
range of study systems, including, but not limited to,
bat viruses, and especially in the context of parallel
statistical and mechanistic modelling efforts (figure).
By describing patterns in reservoir host infection
prevalence, seroprevalence, and immune measures,
field studies can first suggest plausible within-host
mechanisms of pathogen circulation®® and identify
probable intrinsic or extrinsic stressors that facilitate
susceptibility to infection, pathogen replication, and
shedding.** These data-driven hypotheses can then
be experimentally interrogated through mechanistic
molecular investigations,® given that appropriate in-
vitro resources are available (ie, matching bat species
and viruses to those in field studies). For example,
stressors of a particular intensity could be mimicked at
the cellular level by challenging physiologically relevant
in-vitro models with surrogate stimulants and cortisols
(eg, modifying dose and duration), assessing whether
innate immune changes align or depart from differential
expression or abundance patterns observed in field
studies, and how such changes affect viral susceptibility
and replication. Laboratory-confirmed mechanisms
could then be built back into mathematical models to
forecast infection prevalence in reservoir hosts, explore
different transmission contexts (eg, anthropogenic
change), and simulate interventions. To facilitate
such a translational pipeline, we therefore encourage
ecologists, virologists, microbiologists, immunologists,
and evolutionary biologists to foster such inter-
disciplinary collaborations around zoonotic diseases.
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