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From perplexing to predictive: are we ready to forecast insect
disease susceptibility in a warming world?
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ABSTRACT

Insects are critical to our ecosystems, but we do not fully understand
their future in our warming world. Rising temperatures are affecting
insect physiology in myriad ways, including changes to their immune
systems and the ability to fight infection. Whether predicted changes
in temperature will contribute to insect mortality or success, and the
role of disease in their future survival, remains unclear. Although heat
can enhance immunity by activating the integrated defense system
(e.g. via the production of protective molecules such as heat-shock
proteins) and accelerating enzyme activity, heat can also compromise
the immune system through energetic—resource trade-offs and
damage. The responses to heat are highly variable among species.
The reasons for this variability are poorly known, and we are lagging
in our understanding of how and why the immune system responds to
changes in temperature. In this Commentary, we highlight the
variation in insect immune responses to heat and the likely
underlying mechanisms. We suggest that we are currently limited in
our ability to predict the effects of rising temperatures on insect
immunity and disease susceptibility, largely owing to incomplete
information, coupled with a lack of tools for data integration. Moreover,
existing data are concentrated on a relatively small number of insect
Orders. We provide suggestions for a path towards making more
accurate predictions, which will require studies with realistic
temperature exposures and housing design, and a greater
understanding of both the thermal biology of the immune system
and connections between immunity and the physiological
responses to heat.
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Introduction

Insects are critical components of terrestrial ecosystems and vectors
of disease for humans and wildlife; thus, predicting how climate
change will affect them is crucial to our ability to prepare for the
future (Harvey et al., 2020, 2022). One key issue is how higher
temperatures will affect their ability to withstand infection.
Increasing temperatures will alter insect immunophysiology,
thereby changing their ability to resist and tolerate pathogens
(Laughton et al., 2017; St. Leger, 2021). Climate-change-induced
temperature increases may reduce insect immune function (e.g.
owing to the negative effects of heat stress), leading to reduced
population numbers, or may enhance insect immune systems (e.g.
because of increased activity rates of immune enzymes), possibly
boosting insect populations. Being able to predict which scenario
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will occur is important: a reduction in the number of beneficial
insects would be catastrophic (Sanchez-Bayo and Wyckhuys,
2019), and a waning of disease resistance in insect vectors could
lead to increased disease transmission to humans (Murdock et al.,
2012b). Conversely, increased disease resistance in agricultural
pests could lead to biocontrol failures and loss of crops.
Unfortunately, the complexities of immunophysiology make
predictions about changing susceptibility to disease problematic.
In this Commentary, we review (1) how increased temperature
affects immunophysiological networks, (2) where the chief
difficulties lie for our ability to make predictions about changing
disease susceptibility and (3) our suggestions for increasing our
predictive power through careful experimental design. The majority
of our examples draw from the insect groups that provide the most
comprehensive overview of heat effects on immunity, mainly the
lepidopteran pests. We examine the effects of chronic increases in
average temperature and extreme weather events (i.e. heat waves),
both of which are predicted to occur (more frequently) as a result of
to climate change (IPCC, 2022). We note that the overall effects of
climate change on disease in insects will hinge on several interacting
variables (e.g. drought, nutrition) and their integrative impacts on
host physiology (Laughton et al., 2017; St. Leger, 2021); here, we
highlight the roles of heat and immunity. Further, although the
effects of climate change on pathogens will also be critically
important in determining changes in disease susceptibility (St
Leger, 2021) (Box 1), we focus on the insect side of the interaction.

Insect immunophysiology and its implications for the effects
of heat

Insects have dynamic immune systems, allowing them to combat
pathogens and flourish in almost all ecological niches, including
some that are replete with microbes (e.g. dung beetles). Insects have
a combination of coordinated, thermally sensitive, cell-mediated
and humoral immune responses (Buchon et al., 2014; Eleftherianos
et al.,, 2021; St Leger, 2021) that can be both ever-present (i.e.
constitutive) and/or upregulated (i.e. induced) in response to
infection (Schmid-Hempel, 2005) (Box 2). The ability to
coordinate and mobilize different immune components allows
insects to reconfigure their immune responses and optimize immune
function for different environmental conditions (Adamo, 2014,
2017a,b), including changes in temperature (St Leger, 2021).

The immune system is heavily regulated owing to its ability to
cause self-damage and thus requires insects to walk a fine line
between a robust defense and immunopathology (Lazzaro and Tate,
2022). For example, the phenoloxidase (PO) pathway, an important
component of humoral immunity, produces reactive molecules
(Eleftherianos et al., 2021; Gonzalez-Santoyo and Codrdoba-
Aguilar, 2012) that attack pathogens but can also damage host
tissues (Khan et al., 2017; Sadd and Siva-Jothy, 2006). Therefore,
the PO pathway, and other immune responses, has mechanisms to
constrain over-activity (e.g. serpins; Gonzalez-Santoyo and
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Box 1. Pathogens in a warming world

Pathogens are ectotherms that are sensitive to changing temperatures.
For some, a warming world may shift them beyond the temperature of
their optimal growth, allowing hosts to gain an upper hand, whereas
others will benefit from more rapid growth (St Leger, 2021). Warming may
also affect their off-host survival by crossing damaging thermal maxima
and compromising their ability to infect a new host (Gehman etal., 2018).
Because the outcome of infection will depend on matches and
mismatches in the thermal performance of the host and the pathogen
(Thomas and Blanford, 2003), warming has the potential to create new
‘winners’ and ‘losers’ in this match. Thus, the outcome of infection and
disease depends on the interaction between hosts and symbionts, which
are both sensitive to changing temperatures (St Leger, 2021). Similar to
the hosts, we are only beginning to understand how heat will affect
growth, persistence and virulence in pathogens. Nevertheless, we can
employ similar tools and approaches to understanding the thermal
biology of pathogens — for example, using thermal performance curves
for pathogen performance traits (Molnar et al., 2017).

Pathogens may also contribute to the ability for hosts to withstand
warming. Pathogens may alter the thermal maxima of their insect hosts
(Hector et al., 2021); consequently, infection may compromise the ability
to respond to heat stress and contribute to heat-induced mortality, or,
conversely, help hosts survive extreme heat (Bates et al., 2011). Thus,
microbial responses to heat will have effects on both infection-related
mortality as well as the ability to tolerate abiotic stressors such as heat.
Overall, although we focus on insect hosts in this Commentary, the
thermal biology of pathogens and beneficial symbionts will be key in
understanding insect responses to climate change (St Leger, 2021).

Cérdoba-Aguilar, 2012). Insects also have molecules that can buffer
self-damage (e.g. antioxidants) and are examples of infection
tolerance (Ayres and Schneider, 2012). Infection tolerance allows a
host to mitigate against pathogen-induced damage. These responses
enhance survival without actively reducing pathogen numbers
(Ayres and Schneider, 2012). Unfortunately, suppressing immune-
generated damage (i.e. infection tolerance) can also reduce the
effectiveness of resistance mechanisms (e.g. reactive molecules
generated by PO; Clark et al., 2010). The need to balance resistance
mechanisms (e.g. reactive molecules) with infection tolerance helps
explain the complex regulatory loops that both activate and constrain
immune activity (e.g. the PO pathway; Gonzilez-Santoyo and
Cordoba-Aguilar, 2012) and are integral to understanding shifts in
immune function under changing environments.

The immune responses within cells (i.e. the pathways activated
by cellular receptors for immune-stimulating molecules) are
intertwined with other cellular pathways. For example, the
intracellular ~ signaling pathways responsible for inducing
the production of antimicrobial peptides (AMPs) intersect with
the insulin signalling pathway, coupling the immune response with
cellular metabolism (Davoodi et al., 2019; Musselman et al., 2018).
The immune system is also interconnected with other physiological
networks (Fig. 2), e.g. the stress response (Adamo, 2014). These
connections permit different defense systems (e.g. fight-or-flight
and detoxification responses) to share molecular resources,
allowing the immune system to function as part of a dynamic
integrated defense system (IDS; Adamo, 2022). During an
infection, these interconnections optimize the body for immune
defense, increasing the chance of survival (Davoodi et al., 2019;
Dolezal et al., 2019; Galenza and Foley, 2019) while minimizing
energetic and resource costs (Adamo, 2022).

Heat is a stressor (King and MacRae, 2015) that activates the
same hormonal stress response (i.e. octopamine, a key stress
neurohormone; Davenport and Evans, 1984) that occurs during

Box 2. Overview of insect immune systems

Insect immune responses are usually classified into two categories: cell-
mediated and humoral (Beckage, 2011; Eleftherianos et al., 2021). Cell-
mediated immunity is carried out by insect blood cells (haemocytes)
(Eleftherianos et al., 2021). In response to pathogen-associated
molecular motifs, haemocytes respond to invaders by engulfing
(phagocytosis) or sequestering (nodulation, encapsulation) them
(Eleftherianos et al., 2021). Haemocyte responsiveness can be altered
by cytokines (i.e. immune signalling molecules) (Vanha-aho et al., 2016)
and hormones (e.g. ecdysteroids) (Clark et al., 2005). In many insects,
not all haemocytes are in circulation simultaneously (Strand, 2008).
Therefore, although cell-mediated immunity is always present at a
constitutive (i.e. baseline) level, when under pathogen attack,
haemocyte numbers and their activity can be increased (i.e. an
inducible response) (Eleftherianos et al., 2021). However, non-immune
challenges (e.g. stressful stimuli; Mowlds and Kavanagh, 2008) can also
result in changes in cell-mediated immunity as part of a stress response
(Adamo, 2010).

Humoral immunity is composed of antimicrobial molecules, most of
which are made by the fat body, an immune organ (Engstréom, 1999).
One such molecule is phenoloxidase, an enzyme that results in the
production of reactive molecules that can destroy pathogens (Gonzalez-
Santoyo and Cérdoba-Aguilar, 2012). The enzyme is present in the
haemolymph in an inactive form (prophenoloxidase). Because of the
non-specific nature of reactive molecules, phenoloxidase activity can
lead to substantial self-damage (Khan et al., 2017). During an immune
challenge, receptors on fat body cells (e.g. IMD and Toll receptors) are
activated, triggering complex intracellular signalling pathways, leading to
the production of anti-microbial peptides (AMPs) (Buchon et al., 2014).
These inducible molecules augment the constitutive cell-mediated and
humoral responses and help to destroy any pathogens that survived the
initial immune onslaught (Haine et al., 2008). The intracellular signalling
pathways responsible for inducing AMP production intersect with other
pathways (e.g. the insulin signalling pathway) (Davoodi et al., 2019;
Musselman et al., 2018), coupling the immune response with other major
physiological systems (Adamo, 2021, 2022) such as intermediate
metabolism.

exposure to pathogens, poisons and predators (Adamo, 2022). Heat
stress also activates important hub molecules (e.g. FoxO; Gruntenko
et al,, 2016) that are also activated by other stress responses,
including the immune response (Adamo, 2022). Activated FoxO is
linked to the production of heat-shock proteins (HSPs; Donovan and
Marr, 2016) that both protect molecules critical for cellular survival
from heat-induced degradation (King and MacRae, 2015) and
reduce immune-generated damage (Hector et al., 2020; Wojda,
2017), leading to better tolerance of and survival from infection (i.e.
cross-tolerance; Sinclair et al., 2013). Such cross-tolerance between
heat and immune stress responses helps explain why exposure to
heat stress often leads to an enhancement of immune function and
can increase survival after infection (Kryukov et al., 2020, 2018;
Wojda, 2017). Moreover, hub molecules such as FoxO can have
different alleles, resulting in variation in disease resistance (Wang
et al.,, 2017). Similarly, they may also endow individuals with
immune systems of varying sensitivity to temperature.

Although stress responses to any damaging stimulus might be
expected to increase the production of broadly protective molecules,
short-term heat (i.e. less than 24 h) can also upregulate the
expression of immune genes (Wojda, 2017). Part of this
upregulation may be due to FoxO activation, which typically
leads to AMP production (Becker et al., 2010) and suggests the
existence of cross-talk (Sinclair et al., 2013) between heat and the
immune system. However, this increase in immune gene expression
with heat is not ubiquitous. In some insects, heat has only a modest
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effect on AMP gene expression (e.g. Manduca sexta; Alston et al.,
2020), and in some transcriptomics studies, no increase in AMP
gene expression has been found (e.g. Bombyx mori; Tang et al.,
2016). The reasons for these species differences are unknown.

In addition to activating immune-enhancing stress responses, heat
also increases the rate of enzyme activity (Chown and Nicolson,
2004) within the immune system (St Leger, 2021). These increases
should boost immunocompetence in a warming world, at least until
temperatures start to degrade the enzymes associated with the
immune response. The benefit of this temperature effect is
underscored by the ability of some insects to raise their body
temperature by basking in sunlight, boosting their own immune
responses (i.e. behavioural fever; Ouedraogo et al., 2003), resulting
in increased survival after infection (Stahlschmidt and Adamo,
2013). Nevertheless, heat does not have a universally positive effect
on the immune system.

Why is heat not always immunoenhancing?

Negative effects of heat on immune function

Behavioural fever is not ubiquitous in insects, nor is it induced for
every infection (Stahlschmidt and Adamo, 2013), perhaps because
heat can also reduce immune function, even at temperatures below
the temperatures needed to denature enzymes (Table 1, Fig. 1).
Relatively modest heat shock (e.g. 30°C) can reduce immune gene
expression in B. mori (Tang et al., 2016), and elevated temperatures
reduce aphid resistance to parasitoid infection (Bensadia et al.,

2006). In fact, some insects, such as Drosophila melanogaster,
Moniliformis moniliformis and Frankliniella occidentalis, employ
reverse behavioural fever (anapyrexia), preferentially occupying
cooler habitats than their uninfected counterparts during infection,
leading to improved survival (Hunt et al., 2016; Liu et al., 2019;
Moore and Freehling, 2002). Further, species of Drosophila that are
more susceptible to infection with a novel virus become
increasingly susceptible with heat exposure, suggesting that heat
can exacerbate susceptibility to emerging pathogens in some species
(Roberts et al., 2018). Thus, the effects of heat on immunity and
disease susceptibility are (perhaps unsurprisingly) variable, and
therein lies the difficulty in our ability to predict the future.

Heat is sometimes immunocompromising because not all
network interactions result in enhanced function (Adamo, 2017a,
b). Under some conditions, resources are shifted away from the
immune system to help fuel other responses, resulting in
physiological trade-offs (Adamo, 2017a,b; Schwenke et al.,
2016). For example, producing the molecules needed to tolerate
heat (e.g. HSPs) can lead to decreased growth and reproduction, and
may also limit resource availability for immune responses
(Gonzalez-Tokman et al., 2020). Moreover, because increased
reproduction can decrease immunocompetence (McKean and
Nunney, 2001), and increased temperatures increase reproductive
rate in many insects (Adamo et al., 2012), resources diverted to egg
production could decrease immunity under elevated temperatures.
These types of trade-offs may be sex specific, which will be

Table 1. Examples of variation in the response to different heat treatments among species.

Type of heat exposure

Immune measure

Rearing/chronic temperature elevation

Acute (<24 h) Heat wave (>24 h)

Circulating haemocytes

Plodia interpunctella®
Ischnura elegans”
Enallagma cyathigerum”
Galleria melonella®
Paropsis atomari'®
Pieris napi®

Ischnura elegans”
Enallagma cyathigerum’
Anticarsia gemmatalis’
Paropsis atomaria'®
Anticarsia gemmatalis’
Pieris napi®

Aedes aegypti®

Phenoloxidase activity

Melanisation

Encapsulation
Lysozyme and/or
AMP gene expression

Survival of fungal infection

Galleria melonella®
Survival/clearance of viral infection
Survival/clearance of bacterial infection Galleria melonella®®

Survival of parasite infection

Galleria melonella®

Choristoneura fumiferana™
Coenagrion puella’?

Choristonerua fumiferana™
Galleria melonella’
Aedes aegypti'®

Galleria melonella’”
Chilo suppressalis'®

Galleria melonella®3"
Mamestra brassicae?'

Gryllus texensis (Gram +)2*

Species in orange represent negative impacts on immune measures; species in blue represent positive impacts; species in black represent no change. Note: this
is not an exhaustive list of immune responses to heat. Some insects, such as G. mellonella, appear to have heat resilientimmune systems. However, the lack of
data makes comparisons difficult. Data sources: 'Silva and Elliot (2016); 2Fischer et al. (2011); *Bauerfeind and Fischer (2014); *Triggs and Knell (2012);
4Laughton et al. (2017), but see Triggs and Knell (2012); *Browne et al. (2014); élitis et al. (2021); "Van Dievel et al. (2017); ®Karl et al. (2011); ®Kryukov et al.
(2018); "°Gherlenda et al. (2016); "'Seehausen et al. (2018); '?Tiiziin and Stoks (2021); "3Vertyporokh et al. (2015); *Guo et al. (2018); '°Chen et al. (2019); "6Li
et al. (2022); ""Wojda and Jakubowicz (2007); "®Muturi et al. (2012); "®Shamakhi et al. (2019); 2°Srygley and Jaronski (2022); 2'Richards et al. (2017); 2?Muturi
et al. (2011); 2%Hurst et al. (2015); 2*Adamo and Lovett (2011); 2°Gonzalez-Rete et al. (2019).
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Fig. 1. The optimal temperature for different inmune components and
survival after infection differ both within individuals and between
species. Each marker along the line represents the thermal optimum for: a
functional imumune response, immune gene expression or survival after
infection. The discrepancy between these thermal optima demonstrates that
there is variation in the thermal performance of the immune system within a
species, depending on which type of immune measurement we consider.
Further, the optimum for a particular immune response does not necessarily
correspond with the optimum for survival after infection — nor is the thermal
optimum of survival the same when comparing across infections with
different pathogens. Finally, there is variation among species in the thermal
optima for the same types of immune measures. This variation complicates
our ability to predict the outcome of infection and disease with warming.
Functional assays may include measures such as melanisation,
encapsulation and in vitro phenoloxidase and lysozyme activity. This
variation highlights that measures of immunity differ in their thermal
performance and may not always correlate with survival after infection.
Letters denote similar measures (e.g. gene expression) with different
thermal optima: a, Defensin1; b, Cecropin; c, Diptericin; d, Metchnikowin.
Data sources: 'Kryukov et al. (2018); ?Murdock et al. (2012a); 3Tesla et al.
(2018); “Ferreira et al. (2020); ®Hunt et al. (2016); ®Linder et al. (2008);
“Fedorka et al. (2016); 8Ferguson et al. (2016); °Ferguson and Sinclair
(2020); "®Adamo and Lovett (2011).

important to disentangle to understand broader impacts on
population size. Whether physiological trade-offs (negative
effects) or cross-talk/tolerance (positive effects) predominates will
vary across species and relies on a variety of factors that we discuss
throughout this section.

Balancing positive and negative effects of heat on immune function

Immune activity requires resources (Ardia et al., 2012); therefore,
the impact of trade-offs resulting from heat exposure will depend on
the nutritional state of the insect (Ponton et al., 2011), and on any
co-occurring stressors that affect energy use and resources (St
Leger, 2021; Van Dievel et al., 2017). For example, in crickets and
damselflies, abundant food allows for both reproduction and
immunity to increase with temperature (Adamo and Lovett, 2011;
Van Dievel et al., 2017); however, with limited food, reproduction
and survival decline at higher temperatures (Adamo et al., 2012),
suggesting that physiological benefits of heat can be lost. Climate
change is likely to reduce nutrient availability for many insects

(Harvey et al., 2020; St Leger, 2021), leading heat to have both
direct and indirect negative effects on immunity. Heat can
exacerbate the metabolic costs of immunity (Catalan et al., 2012),
leading to depleted resources and compromised immunity. For
example, nutrient stress compounds the negative effects of heat on
immunity in the lepidopterans Lobesia botrana (Iltis et al., 2021)
and Bicyclus anynana (Karl et al., 2011). Further, increasing
temperature also increases energy use (Gonzalez-Tokman et al.,
2020; Tiizin and Stoks, 2021) and decreases net energy gain (Huey
and Kingsolver, 2019), leading to a direct resource-depleted
limitation of the immune system. Overall, when heat is combined
with other stressors, immune function is likely to suffer (Kaunisto
etal., 2016; St Leger, 2021) through trade-offs within physiological
networks (Adamo, 2017a,b).

Protective mechanisms initiated after heat stress (e.g. HSPs,
antioxidants) also have the potential to inhibit the cytotoxic activity
necessary for an effective immune response (e.g. Clark et al., 2010).
For example, Anopheles gambiae mosquitoes that are more resistant
to Plasmodium infection locally suppress antioxidant mechanisms
and promote states of oxidative stress (Kumar et al., 2003; Molina-
Cruz et al., 2008), suggesting that this activity is required for
resistance. Alternatively, an upregulation of protective mechanisms
after heat exposure (e.g. HSPs; Wojda, 2017) could also indicate a
switch in immune strategy from an emphasis on resistance (i.e.
reducing pathogen load) to one on infection tolerance (i.e. reducing
damage associated with infection). This potential reconfiguration of
the immune system could explain why decreases in PO activity are
common after heat exposure (Table 1).

Heat may provide a hormetic effect wherein stress associated with
one exposure is immunoenhancing, but these effects are lost with
increased intensity or duration. For example, acute exposure to 34°C
increases immune activity in Chilo suppressalis, but chronic
exposure does not (Shamakhi et al., 2019). Similarly, heat
exposures of 36°C increase expression of immune genes such as
cecropin, defensin and transferrin in Ae. agypti larvae, but exposure
of the same duration to 40°C does not (Muturi et al., 2012).
Repeated or chronic heat stress is likely to be damaging, creating
‘wear and tear’ (Kingsolver et al., 2021; Marshall and Sinclair,
2015; Romero et al., 2009) that compromises the immune system
and negates any benefits of acute exposure. Additionally, the
continued over-expression of HSPs during prolonged heat exposure
can lead to a reduction in growth and survival, suggesting that
chronic activation carries a substantial penalty (Kingsolver and
Woods, 2016), which may depress immunity. For example, rearing
at high temperatures (i.e. a chronic exposure) compromises
immunity in Melanoplus sanguinipes (Srygley and Jaronski,
2022) and D. melanogaster (Kutch et al., 2014). Further, the
immune system may trade off with the heat shock response; in bees,
heat exposure reduces immune gene expression and, conversely,
wounding compromises the heat shock response (McKinstry et al.,
2017). Thus, if heat is high enough to activate the heat shock
response, this may compromise immunity in some insects. Overall,
the intensity, duration and frequency of heat exposure is likely to
determine the costs and benefits of heat to the immune system.

Pathogen-dependent immune responses in a warming world

Because the immune system is selected to respond to dynamic,
thermally sensitive pathogens (Thomas and Blanford, 2003), the
thermal performance of pathogens, or the environments in which
infection is likely to occur, appear to influence immune system
dynamics (Ferguson and Sinclair, 2020; Kirk et al., 2022). Even
though key enzymes of the immune system, such as lysozyme (an
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Table 2. Considerations for designing experiments on the impact of heat on insect immunity

Variable Design parameters Mechanisms underlying importance of design parameters
Heat Duration Acute (minutes—hours) versus chronic exposures ~ Hormesis versus trade-offs; accrued stress versus recovery and
(days—weeks) repair; matches/mismatches in thermal performance of host and
Intensity Maximum temperature appropriate for predicted pathogen
climate change maximums
Frequency Realistic fluctuating temperatures
Repeated heat waves
Timing Heat experienced before, during or after infection ~ Thermal plasticity; matches/mismatches in thermal performance;
impacts of infection on heat tolerance
Time of day Interactions between temperature and circadian rhythms
Host Life stage Juvenile versus adults Variation in network responses/thermal performance among life
stages
Nutrients Sources of nutrition/amount of available food Resource limitations on immunity and trade-offs; impacts of
microbiomes on immunity
Physiological Acclimated; aestivation/quiescence; growing; Trade-offs; cross-talk/cross-tolerance; immune plasticity
condition reproducing; presence of multiple stressors;
age
Behaviour Relevant housing with refuges Preferred temperatures that the insect will choose to occupy
Pathogen Species Ecologically relevant to host and geographic Thermal biology of pathogen; matches/mismatches in thermal
location performance
Experiment  Type ‘Omics’ versus functional assays versus survival;  Integrated defense system/physiological network connections
tissues of interest; multi-trait approach Disparate thermal performance among immune measures; disparate
correlations with survival
Temperature Appropriate temperatures for enzyme assays, Thermal performance of immunity

other functional measures

Careful consideration of each design parameter ensures that we capture the sources of variation in response to heat that arise through a variety of different
physiological and behavioural mechanisms. If we can account for these sources of variation in our design, then we can create the most ecologically and
physiologically relevant heat exposures to determine how warming will modify disease susceptibility in insects.

enzyme that cleaves peptidoglycan in bacterial cell walls) and PO
are stable at a wide range of temperatures, and reach maximal
activity between 30 and 45°C for insects from a broad range of
species [e.g. Heliothis virescens (Lepidoptera), Lockey and Ourth,
1992; Drosophila melanogaster (Diptera), Asada and Sezaki, 1999;
Gryllus texensis (Orthoptera), Adamo and Lovett, 2011], the
optimal temperature for the organismal-level response is
frequently much lower (Fig. 1). For example, the melanization
response (i.e. the deposition of the pigment melanin on a pathogen)
produced by PO activity in both Anopheles stephensi (Diptera) and
Gryllus veletis (Orthoptera) has an optimal temperature close to 18°
C and declines at temperatures above this point (Ferguson et al.,
2016; Murdock et al., 2012a) (Fig. 1). Anopheles stephensi are
nighttime feeders and are thus more likely to encounter blood-borne
parasites in the cooler part of the day, which can fluctuate to
temperatures near 18°C and promote parasite development (Suh
et al., 2020). These nighttime temperatures are an intriguing match
to the optimal activity of multiple immune metrics in An. stephensi
(Murdock et al., 2012a), and suggest that perhaps selection has
favoured increased immune activity at lower temperatures to optimize
the ability to counter pathogen exposure during feeding. If the
immune system is this highly tuned to pathogen thermal performance,
then variations of a few degrees are likely to affect the outcome of
infections (Suh et al., 2020; Thomas and Blanford, 2003).

This potential thermal specificity also suggests that the outcome
of infection with warming will vary on a host species- and pathogen-
specific basis (Sternberg and Thomas, 2014), and may be easier to
predict in specialist host—parasite interactions (St Leger, 2021).
Indeed, the effects of heat can be very pathogen specific, wherein
heat can promote the survival of one pathogen while compromising
survival of another (Adamo and Lovett, 2011; Mastore et al., 2019).
The thermal performance of the multiple independent components
of the immune system means that a performance curve of the
immune system overall is the sum of these independent performance

curves. The ‘curve’ is likely to have local maxima and minima of
resistance that shift as temperature increases, depending on how
temperature affects individual immune components and their
associated network interactions. As this ‘curve’ interacts with the
thermal performance of pathogens, disease resistance to some
pathogens may be enhanced with global warming (i.e. if the main
immune component needed to vanquish the pathogen is enhanced
by increased temperature), but not for others (Adamo and Lovett,
2011). Overall, hotter is not always better for the immune system or
disease resistance, and thus warming will produce a suite of
responses that the field must now disentangle.

Immunity in a warming world: how do we move towards
predictions?

Despite the disparate responses to heat among immune measures
and species (Table 1, Fig. 1), we suggest that we can gather the data
we are lacking to predict patterns amongst the complexity and
variation (Table 2). The ‘grunt’ work lies in collecting more of the
right type of data (Gonzalez-Tokman et al., 2020; Harvey et al.,
2020; St. Leger, 2021). However, we will also need to synthesize
these data using multifactorial data analysis (e.g. discriminant
analysis) and develop appropriate mathematical models. There are
models for insect immune systems (Adamo and Spiteri, 2009;
Ellner et al., 2021; Tate and Schulz, 2022) and for the effects of
climate change on insect populations (Humphreys et al., 2022), but
not on how climate change will affect insect immunity. In this
section, we draw on approaches outlined by Gonzalez-Tokman et al.
(2020) and Kaunisto et al. (2016) to discuss the data we need to
collect to develop these mathematical models.

Ecologically relevant thermal parameters

Future studies should use temperature protocols that do not just
reflect the predicted increase in average temperatures but also
incorporate real-world temperature fluctuations. Fluctuating
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temperatures impact physiology, including immunity, in
fundamentally different ways than constant temperatures (Colinet
etal., 2015; Ferguson and Sinclair, 2020). Fluctuating temperatures
can trigger a preparatory response to heat exposure (Serensen et al.,
2016), which could afford insects increased protection against
infection as temperatures increase. For example, fluctuating
temperatures improve the survival of H. virescens to fungal
infection relative to constant temperatures (Ghazanfar et al.,
2020). Fluctuating conditions may also allow for periods of
recovery and repair (Colinet et al., 2015; Ma et al., 2021; Romero
et al, 2009; Torson et al, 2015) that may decrease
immunopathology and rescue compromised resistance against
infection during heat exposure. In contrast, fluctuating
temperatures may also cycle between the relative thermal optima/
advantage of a given host and pathogen, thereby compromising
survival if the performance of the pathogen is favoured (Stoks et al.,
2017). Because climate change is likely to exacerbate fluctuations in
temperature, leading to higher extremes and greater variability
(IPCC, 2022), it is important to determine whether fluctuating
temperatures will help to mitigate, or will exacerbate, the negative
impacts of heat exposure on the immune system.

Ecologically relevant temperature exposures are also critical prior
to heat events. The ability to prepare for heat exposure through
acclimation, hardening or developmental responses (Sgro et al.,
2016) may modify how heat affects the immune system by altering
the immune system’s network configuration (e.g. balance of
resistance versus infection-tolerance mechanisms). If insects can
acclimate to elevated temperatures, this could allow insects to
overcome trade-offs that compromise the immune system. Further,
phenotypic plasticity may allow insects to keep pace with the
thermal adaptations of their pathogens (e.g. if pathogens rapidly
adapt growth rates and virulence to higher temperatures) (Gehman
et al.,, 2018; Harvell et al., 2002). We suggest that we need to
use realistic thermal parameters even prior to heat events (e.g.
simulated heat waves) to determine the effect of changes in the
duration, intensity and frequency of high temperatures on the
immune system.

The duration of any benefits (or impairments) to the immune
system after heat exposure is also unclear, although many appear to
be transient. For example, exposure to heat (37°C) in G. melonella
increases the expression of genes related to the immune system and
improves subsequent survival after a fungal infection, but these
benefits are lost 72 h after the heat wave (Browne et al., 2014).
Similarly, increases in haemocytes (Box 2) immediately after an
acute heat shock in Mamestra brassicae disappear 24 h post
exposure (Richards et al., 2017). Thus, it will be important to use
multiple time points to assess immune function both during and
after heat exposure to determine whether these impacts have any
bearing on survival, or whether acute exposures are inconsequential
for subsequent infections.

One neglected issue in determining the effect of climate change
on insect immunity is the capacity for behavioural thermoregulation
in insects. Insect thermoregulation is a complex field of its own,
with an individual’s temperature preference varying depending on a
variety of factors (Chown and Nicolson, 2004). Thermoregulation
allows many species to find refuge against damaging temperatures
(Gonzalez-Tokman et al., 2020), and thus the reported air
temperatures may not be relevant for exploring immune function.
However, thermoregulation itself may alter the exposure of insects
to pathogens, for example by increasing their exposure to dark,
moist spaces, leading to changes in the incidence of disease.
Temperature may alter other insect behaviours, for example

ot
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Fig. 2. Immune systems are bidirectionally connected with other
physiological systems, allowing the immune response to be context-
dependent (e.g. influenced by nutritional status; Adamo et al., 2016;
Dolezal et al., 2019; Zhao and Karpac, 2021). Cytokines (purple arrows)
induce the release of glutamate, NO and OA that in turn result in changes in
immunometabolism and immune function (for further discussion, see
Adamo, 2022; Eleftherianos et al., 2021; Yu et al., 2022). Selected
references: ecdysteroids (Sun et al., 2016); OA (Adamo, 2010), ILPs
(Sharma et al., 2019); NO (Das De et al., 2018). CNS, central nervous
system; ILPs, insulin-like peptides; OA, octopamine; NO, nitric oxide; PRM,
pathogen recognition molecule.

weakening behavioural defenses against parasitoids (Iltis et al.,
2018), leading to changes in disease prevalence. Future
studies should consider using housing that reflects the natural
environment (including the availability of refuges) during
temperature studies.

Accounting for thermal performance of host and pathogen

Whether any influence of heat on the immune system leads to
changes in the frequency or severity of infection will also depend
heavily on the pathogen, and is likely linked to the matches or
mismatches between host immune and pathogen thermal
performance (Ferguson and Sinclair, 2020; Kirk et al., 2022; Le
Lann et al., 2021; Moore et al., 2021; Thomas and Blanford, 2003)
and any effects that heat may have on the pathogen itself. For
example, survival of a fungal infection in crickets depends on
whether the thermal environment during infection favours the
performance of the host or the pathogen (Ferguson and Sinclair,
2020). We can create thermal performance curves (i.e. a graph of
organism performance versus temperature that is a type of reaction
norm; Fig. 3) describing the outcome of infection (i.e. survival
across a suite of temperatures; Stoks et al., 2017), which is
particularly useful for modeling disease for vectors, pests and
species of conservation interest that may be targeted by individual,
well-described pathogens and parasitoids. These curves allow us to
determine the thermal optimum of responses, the thermal breadth,
matches and mismatches with pathogens, and the potential for
thermal plasticity in the immune system — all of which provide
power for predicting the outcome of infection under different
thermal regimes (Ferguson and Sinclair, 2020). However, this
approach may not be tractable for predicting disease susceptibility in
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Thermal
optimum

Performance

Temperature

Fig. 3. Example of a thermal performance curve of the immune system.
Immune performance will decline on either side of a thermal optimum.
Building thermal performance curves allows us to determine thermal optima
and breadth of activity (solid line) as well as potential for plasticity (dashed
line).

the general population of insects, in which we know very little of the
diversity of pathogens that plague such a large variety of hosts,
while the responses of their pathogens to climate change are also
poorly understood (St Leger, 2021). Nevertheless, model systems
and comparative approaches (Kaunisto et al., 2016; St Leger, 2021)
should provide insight into potential patterns of infection across
temperature. Finally, increases in understanding of within-host
dynamics (Duneau and Ferdy, 2022) will help us determine whether
there are critical temperature stages (e.g. within hours) in the course
of infection that modify the survival of the host.

Because of the variation in the thermal performance of different
immune components and the dynamic nature of the IDS, optimal
immune activity of one component will not always translate into
optimal survival across temperatures (Fig. 1). Measuring multiple
immune components simultaneously is important for assessing
immunocompetence (Adamo, 2004) and can allow us to
differentiate a reduction in immune function from a change in
immune system strategy (i.e. immune reconfiguration; Adamo,
2017a,b). Understanding these details allows us to predict how
these changes in immunity will affect susceptibility to different
types of pathogens (Adamo and Lovett, 2011; Laughton et al.,
2017). Additionally, we need to ensure that we are measuring all
immune activity at relevant temperatures. For example, PO assays
examining the effect of heat on PO activity levels should be run at
the ‘heat wave’ temperature. Because PO activity generally
increases with increasing temperature (Adamo and Lovett, 2011,
Ferguson et al., 2016), insects experiencing higher temperatures
could maintain the same level of PO activity as baseline by reducing
the amount of PO they produce. If PO activity is tested at room
temperature, it might be erroneously concluded that heat reduces PO
function.

Disentangling physiological networks

Developing a realistic model of temperature effects will require a
better understanding of the intra- and extra-cellular signaling
systems activated by heat, and how they interact with different
immune components at the molecular level. Transcriptomics,
proteomics, metabolomics and the ability to integrate these large
data sets will help us to disentangle physiological network
responses, although we are still developing the ability to interpret
the non-linear, dynamic, highly interconnected and redundant
nature of these networks (Adamo, 2021). To facilitate predictions,
molecular studies should be coupled with functional assays,

preferably assays measuring survival, of infection with
ecologically relevant pathogens. This would allow multifactorial
analyses such as discriminant function analysis or principal
component analysis (i.e. statistical analyses that allow us to
interpret the impacts of multiple, interacting factors) to provide
some ability to interpret the changes in gene expression (including
immune gene expression) with actual disease resistance. In terms of
modelling, functional data are key, but understanding the
underlying molecular mechanisms will allow modelling beyond a
‘black box’ approach, leading to more robust, and potentially more
generalizable, predictions.

Increasing taxonomic breadth and comparative approaches
Strong species differences are a hallmark of heat effects on
immunity, even across insects in a similar climate zone (Table 1).
Understanding why these differences exist remains a struggle. To
uncover the underlying causes of this variation, we need to study the
effects of heat on immunity and disease susceptibility in a broader
range of taxa (Kaunisto et al., 2016; Ma et al., 2021; St Leger, 2021)
as well as within species (e.g. local adaptation). Comparative studies
will help us to determine whether there are larger patterns that can
aid our ability to predict the future of disease in insects. For instance,
are there geographic patterns based on the thermal evolution of the
immune system (e.g. tropical versus temperate versus Arctic;
Deutsch et al., 2008; Kankaanpii et al., 2020) that translate into
patterns of disease resistance under climate warming? Geographic,
microclimatic and phylogenetic patterns in the thermal performance
of immunity and the balance between trade-offs and cross-tolerance/
talk will be key to making broad-scale predictions. Further,
common-garden experiments, especially those with population-
specific pathogens, will provide insight into the costs and benefits of
adaption to increasing heat for immunity (Tiiziin and Stoks, 2021).
Finally, populations that have been experimentally adapted to heat
(e.g. Drosophila; Hsu et al., 2021) may be useful to compare with
wild-type to determine how adaptation to heat will affect the
immune system. It is also important to note that even within a
species, the multifactorial correlations across different immune
measures and functional assays can vary depending on the insect’s
life stage (St Leger, 2021) and sex (Bauerfeind and Fischer, 2014).
Nevertheless, these comparative approaches are required if we want
to understand which species and populations will suffer or flourish
in the face of infection in a warming world.

Conclusions

Although insect immune function is only one aspect of insect
disease susceptibility (Adamo, 2004; St Leger, 2021), it is an
important one that is also intertwined with energy use and thermal
tolerance (Hector et al., 2020, 2021). Further, the impacts of
warming on disease susceptibility extend beyond insects, and the
variation in responses to heat that we have outlined are relevant to all
arthropods. We have shown that the effects of temperature are
typically a complex blend of both negative and positive effects on
the immune system, and differ across species (e.g. Table 1, Fig. 1).
This complexity suggests that climate change will not have a
generalizable effect on susceptibility to disease in all insects, even
neglecting the effect of temperature on pathogens. Being able to
make predictions about the effects of climate change, on even a
small number of species, will require more appropriately designed
studies, advanced data analysis and modelling. We need to make
this effort — insects are crucial for healthy ecosystems, and they are
also our competitors for food and vectors for disease. Our future
depends on our ability to predict their future.
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