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ABSTRACT

Insect immunity is increasingly described in metabolic terms, yet the common language of
energetic “cost” can conceal biologically different processes. Immune activation may consume
substrates, redirect anabolic flux, alter endocrine signaling, restrict pathogen access to
nutrients, change immune-cell metabolic state, or compete with development and reproduction
for shared tissue capacities. These processes need not have equivalent organismal
consequences, and their direction can change with tissue, pathogen, nutritional state,
developmental history, reproductive condition, and the immune endpoint measured. This
critical review evaluates these distinctions across recent mechanistic evidence from
Drosophila, mosquitoes, honeybees, and other insect systems. Particular attention is given to
metabolic requirements of cellular immunity, nutrient-sensitive TOR and insulin signaling, fat-
body allocation, nutritional immunity, inflammatory damage control, and reproductive or
developmental constraints. The evidence challenges three common shortcuts: that infection-
associated metabolic change necessarily represents energetic depletion, that altered immune
markers necessarily predict host defense, and that reduced reproductive performance
necessarily demonstrates direct competition for calories. Instead, immunometabolic
phenotypes frequently reflect conditional reallocations among storage, translation, immune-
cell activity, endocrine state, barrier defense, tolerance, and life-history investment. The review
therefore develops a proposed conditional interpretation in which metabolic changes are
evaluated according to resource state, regulatory pathway, tissue and biological level, immune
effector demand, pathogen or microbiota context, life-history state, and measured outcome.
This framework is intended as an evidence-bounded organizing model rather than a universal
mechanism.
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The growing field of insect immunometabolism has established that immune responses cannot be interpreted
independently of metabolic state. Infection and immune activation can alter nutrient mobilization, anabolic
activity, endocrine regulation, and energy storage, while metabolic condition can determine whether immune
functions are initiated or sustained [1]. Yet “metabolic cost” is often used broadly enough to encompass resource
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consumption, active substrate redistribution, inhibition of growth pathways, pathogen-induced wasting, and tissue
damage. These are not mechanistically equivalent phenomena.

Much of the strongest mechanistic evidence comes from Drosophila melanogaster, where genetic access has
exposed reciprocal links between immune signaling, nutrient sensing, metabolism, and organismal physiology
[2]. That experimental depth is valuable but also creates an inferential boundary: mechanisms demonstrated in
one species, tissue, developmental stage, or infection route cannot automatically be generalized across insects.
Work in hematophagous vectors further broadens immunometabolism by showing that resource partitioning can
involve the insect, pathogen, and microbiota simultaneously [3]. Such systems make causal ownership particularly
difficult to assign because a metabolic change may reflect host defense, microbial activity, parasite exploitation,
or combinations of these processes.

The insect fat body is central to this problem because it combines nutrient storage, endocrine communication,
immune protein production, growth regulation, and reproductive support [4]. However, fat-body centrality should
not become fat-body reductionism. Muscle, gut epithelium, hemocytes, renal tissues, sensory pathways, germline
activity, and microbiota-associated metabolism can all modify immune performance.

Accordingly, this review asks not merely whether immunity is costly, but what form the cost or reallocation takes,
where it occurs, which biological output is altered, and under what conditions an apparent trade-off is
mechanistically justified. The analysis distinguishes substrate depletion from regulated reprioritization, resistance
from tolerance, immune-marker change from host outcome, and observed life-history covariance from
demonstrated resource competition. The final synthesis is explicitly proposed as an interpretive model rather than
a universally validated mechanism.

Energetic requirements of immunity

Energetic limitation can reveal trade-offs, but the underlying evidence does not support a single “immune energy
budget.” In Drosophila, mitochondrial dysfunction and infection can interact with reproductive performance,
demonstrating that energetic capacity can condition immunity—fecundity relationships [5]. The important
inference is conditional: an energetic constraint may expose a trade-off without proving that the same constraint
governs every immune challenge or every reproductive state.

At the cellular level, immune activation can involve a distinct metabolic program. Drosophila macrophages shift
toward aerobic glycolysis during antibacterial defense, and experimentally disturbing this reprogramming
compromises their immune function [6]. This supports a direct requirement for metabolic remodeling within a
defined immune-cell population, but it does not establish equivalent glycolytic dependence in every insect
hemocyte lineage.

Immune activation also alters what nutrients are used for. Toll signaling in the Drosophila fat body redirects
anabolic lipid metabolism away from triacylglycerol storage and toward phospholipid synthesis associated with
increased secretory capacity [7]. This finding is incompatible with a simple model in which immune activation
merely drains stored energy. Metabolic investment can instead be actively reprioritized toward the cellular
infrastructure required for defense.

Systemic allocation may also depend on inter-organ communication. Glutamate metabolism in Drosophila
modifies energetic redistribution between tissues and changes host susceptibility during infection [8]. The
relationship should not be described teleologically as the host “choosing” an optimal allocation; nevertheless, it
demonstrates that infection-associated metabolic change can be coordinated across organs rather than confined to
an immune tissue.

Nutritional state can also regulate the permissible magnitude of immune-cell investment. During larval
development, the adipokine NimrodB5 constrains hemocyte proliferation under nutrient scarcity, and disruption
of that restraint increases immune-cell abundance at the expense of energy storage and viability under poor
nutritional conditions [9]. Immune capacity is therefore not simply activated or suppressed; it can be scaled to the
host's available metabolic reserve.

Finally, metabolically relevant control can arise in tissues not conventionally classified as immune organs. During
parasitoid challenge, carbohydrate metabolism and insulin/TOR-related signaling in Drosophila muscle influence
the lamellocyte-dependent encapsulation response [10]. Together, these studies support a multilevel view in which
immune demand can be expressed as cell-specific metabolic reprogramming, anabolic redirection, systemic
substrate redistribution, nutrient-sensitive control of cell abundance, or support from nonimmune tissues.
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Nutrient-sensing pathways

Nutrient-sensing pathways provide some of the clearest evidence that immunometabolic effects are conditional
rather than intrinsically pro- or anti-immune. Acute yeast restriction in adult female Drosophila can improve
antibacterial defense through changes involving TOR, PP2A, and Myc signaling [11]. Reduced TOR activity in
this setting therefore cannot be generalized as a universally beneficial immune state; the result depends on nutrient
composition, duration of restriction, sex, and infection context.

Immune signaling can also suppress growth-associated signaling directly. Toll activation in Drosophila uncouples
phosphatidylinositol-3,4,5-trisphosphate production from Akt activation, reducing insulin-pathway output [12].
This interaction provides a molecular route by which immune activation can alter growth and storage without
requiring prior whole-organism energetic depletion.

Conversely, pathways historically labelled “immune” can regulate metabolism under homeostatic conditions. The
IMD pathway links gut microbiota-derived signals with enteroendocrine activity and host metabolism in
Drosophila [13]. Similarly, NF-xB-dependent control of the translational regulator 4E-BP contributes to dietary
adaptation in the presence of microbiota [14]. These findings expand immunometabolism beyond acute pathogen
defense and show that immune-signaling modules participate in the metabolic interpretation of dietary and
microbial environments.

The direction of TOR effects changes across systems. In mosquitoes, rapamycin-mediated TOR inhibition can
promote immune activation and reduce parasite transmission while simultaneously imposing survival or
reproductive costs [15]. The immune endpoint therefore cannot be treated as equivalent to net organismal benefit.
In another mosquito context, increased insulin signaling in the Anopheles stephensi fat body enhances antibacterial
responses and resistance to Plasmodium falciparum [16]. This result directly cautions against treating insulin
signaling as intrinsically antagonistic to immunity.

TOR can also support host survival rather than impede defense. During enteric infection in Drosophila, TOR
signaling is required for lipid metabolic remodeling and protection against infection-associated wasting [17]. This
function is closer to metabolic tolerance and maintenance than to direct pathogen elimination, underscoring why
pathway effects must be classified by outcome.

Endocrine state creates another layer of conditionality. Exposure to 20-hydroxyecdysone can prime antibacterial
and anti-malarial immune responses in Anopheles gambiae [18]. However, as discussed below, reproductive
ecdysteroid signaling in another mosquito system can have an opposing relationship with specific immune
outputs. Nutrient-sensing and endocrine pathways therefore do not possess a context-free immune “sign”; their
interpretation requires information about species, tissue, physiological state, timing, pathogen, and measured
endpoint.

Cellular and humoral immune demands

Different immune effectors impose different metabolic requirements, and those requirements extend beyond fuel
consumption. Infection-associated sugar alcohols in Drosophila can function as alarmins that transmit information
from local tissues to systemic immunity [19]. Metabolites should therefore not be classified only as substrates:
some participate directly in immune communication.

Barrier immunity has its own metabolic architecture. In the intestinal epithelium, inflammatory signaling produces
metabolic reprogramming required for DUOX-dependent reactive oxygen species defense [20]. This mechanism
differs from the demands of systemic antimicrobial-peptide production or hemocyte proliferation and cautions
against treating “immune metabolism” as a single effector program.

Nutritional immunity illustrates an additional distinction. Transferrin 1 restricts iron availability during bacterial
infection in Drosophila, protecting the host through sequestration of a nutrient required by microbes [21]. This is
a resource-allocation process, but it is not equivalent to expenditure of host caloric stores. The critical variable is
accessibility of a micronutrient to the pathogen.

Metabolism also contributes to tolerance by limiting self-inflicted damage. Renal clearance of oxidized
hemolymph lipids protects Drosophila from reactive-oxygen-associated inflammatory injury [22]. Such damage
control can improve host condition without necessarily reducing pathogen burden, so resistance and tolerance
outcomes must remain separate.

The environmental state preceding infection can modify cellular immune competence. Odor cues associated with
parasitoid risk alter Drosophila hemocyte-related immunity through metabolically mediated sensory pathways
[23]. Likewise, sterile injury can generate macrophage-derived reactive oxygen species that prime JAK/STAT
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and Toll signaling [24]. These findings show that immune—metabolic activation can precede infection or occur
without infection, making “pathogen-induced metabolism” too narrow a category.

Outcome discordance further complicates interpretation. Integrated transcriptomic and lipidomic analysis
indicates that ergosterol contributes to survival during bacterial challenge, yet changes in survival are not
necessarily accompanied by corresponding changes in antimicrobial-peptide output or bacterial burden [25]. Thus,
host-defense phenotypes cannot be inferred reliably from one canonical immune readout.

Finally, the principal professional immune tissues themselves cannot be treated as interchangeable. Hemocytes
and fat-body cells show strikingly different transcriptional responses to systemic infection in Drosophila [26].
Tissue identity therefore determines which metabolic and immune processes are represented by a measured
molecular response.

Because these distinctions are difficult to retain when cellular defense, humoral defense, nutritional withholding,
signaling, and damage control are described consecutively, the following matrix separates the relevant inference
states without assigning them a common score.

Table 1. Distinguishing metabolic demand, resource withholding, signaling, and damage control across insect
immune-effector states
Metabolic activation and withholding
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Immune-effector
dimension

Immune-cell metabolic
activation

Barrier-effector metabolic
support

Nutrient withholding

Observable basis

Increased dependence on
glycolytic or other metabolic
programs

Metabolic remodeling
coupled to ROS-generating
machinery

Reduced pathogen-
accessible iron or analogous
limiting resources

Functional
interpretation

Metabolism can be required
within the responding immune

Effector production can
require a tissue-specific

Host defense can depend on
restricting access rather than

cell itself metabolic state consuming more energy

Activated Systemic host-pathogen
Biological context hemocytes/macrophage-like Intestinal epithelial defense competition for
cells micronutrients

Uncertainty

Cell lineage and infection type
may alter the metabolic
program

Barrier results should not be
transferred automatically to
systemic immunity

Micronutrient sequestration
is not equivalent to caloric
expenditure

Resolve flux and function at

Pair metabolic perturbation

Measure host and pathogen

Experiment - with defined barrier-effector .
cell-type resolution nutrient pools separately
assays
. . S Evidence-supported Evidence-supported
Standing Evidence-supported distinction r\ce-supp nee-stpp
distinction distinction

Signaling, control, and priming

Immune-effector
dimension

Metabolite-as-signal state

Damage-control state

Pre-activation or sterile-
priming state

Observable basis

Metabolites change signaling
activity rather than serving only
as fuel

Removal or detoxification of
damaging metabolic
products

Altered immune
competence before infection
or without pathogen
exposure

Functional
interpretation

Metabolic intermediates may
carry immune information

Metabolic activity may
support tolerance rather than
pathogen clearance

Immune—metabolic state
can be anticipatory or sterile

Biological context

Local-to-systemic immune
communication

Inflammation-associated
oxidative stress

Ecological cues or
noninfectious tissue injury

Uncertainty

Signaling functions are
metabolite- and context-
specific

Improved survival does not
establish increased resistance

Laboratory priming does
not establish adaptive field
benefit

Experiment

Distinguish signaling
concentration from bulk
energetic contribution

Measure tissue injury and
pathogen burden
independently

Test persistence, ecological
relevance, and fitness
consequences
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Evidence-supported Evidence-supported

i Evidence-supported distinction s .
Standing PP distinction distinction

Discordant outcomes
Immune-effector Outcome-discordant defense
dimension state
Survival changes without
parallel changes in canonical
immune markers or pathogen

Tissue-divergent response state

Observable basis Distinct infection-responsive molecular programs

load
Functional Different defense endpoints can Biological level constrains interpretation of “systemic”
interpretation diverge immunometabolism
. . Infection with multiple .
Biological context P Hemocytes versus fat body or other tissues
readouts
Single-marker studies may . . .
. . o Transcript abundance alone does not establish metabolic
Uncertainty misclassify immune .
function
performance
Experiment Use resistance, tolerance, and Combine tissue-resolved expression with functional
P survival endpoints together metabolic measurements
. Proposed interpretive . . R
Standing P P Proposed interpretive classification

classification

Reproductive and developmental trade-offs

Evidence for immunity—reproduction trade-offs is strongest when the mechanism connecting the competing
functions is identified. Germline manipulation in Drosophila reveals an antagonistic relationship between
germline proliferation and immune transcription [27]. This supports reproductive-state dependence of immune
regulation but does not, by itself, demonstrate direct competition for calories or amino acids.

Mating provides a related but distinct phenomenon. A single mating can cause a persistent reduction in
antibacterial defense in female Drosophila [28]. The organismal trade-off is observable, yet the causal route
remains unresolved unless an allocation mechanism is measured independently. Postmating endocrine changes,
tissue remodeling, reproductive provisioning, and direct resource competition are plausible but not
interchangeable explanations.

Developmental history can alter later immune performance even before reproduction becomes relevant. In
honeybee workers, the developmental environment modifies the response to viral infection in adulthood [29].
Such carry-over effects demonstrate temporal dependence but should not automatically be characterized as
adaptive developmental programming; later immune performance may reflect accumulated physiological
condition, nutritional history, or developmental constraint.

A more specific mechanism emerges when immunity and reproduction demand the same biosynthetic tissue. In
mated female Drosophila, simultaneous reproductive and immune demands reveal limits in fat-body protein-
production capacity [30]. This identifies a polyfunctional-tissue constraint: competition can occur over
translational and secretory capacity rather than merely over a homogeneous pool of metabolic energy.

Endocrine context can further reverse the apparent direction of immunometabolic regulation. In blood-fed Aedes
aegypti, ecdysone signaling contributes to a reproduction—-immunity trade-off through suppression of an amyloid-
associated immune mechanism [31]. This result should not be collapsed with 20-hydroxyecdysone-mediated
immune priming in Anopheles because the species, reproductive state, timing, and immune mechanisms differ.
Developmental microbial exposure introduces another trajectory. Mosquito—bacteria interactions during larval
development can produce metabolic alterations with measurable carry-over effects on adult phenotypes [32]. The
existence of a carry-over effect does not establish that it is beneficial, nor that adult immune variation reflects an
allocation decision made during larval development.

The evidence therefore resolves “trade-off” into several mechanistically distinct states: energetic-capacity
limitation, germline-linked transcriptional opposition, postmating suppression without a resolved allocation
mechanism, shared fat-body translational constraint, endocrine switching, and developmental carry-over. Their
differences are condensed below because a single reproduction-versus-immunity axis would obscure the
mechanism and level at which each trade-off is expressed.
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Table 2. Mechanistic forms of reproductive and developmental constraint in insect immunometabolism
Capacity constraints

Energetic-capacity constraint Evidence-supported distinction
Life-history setting Infection under compromised energetic state
Immune and reproductive performance covary with metabolic S
P 2apacity y Resource limitation can expose a trade-off

Observed basis Mechanistic consequence

Energetic impairment may

. ' ALTERNATIVE Manipulate resource availability independently
have pleiotropic effects

of mitochondrial function

Regulatory and endocrine opposition

Germline-linked immune opposition Evidence-supported distinction
Life-history setting Adult reproductive state
. . . Reproductive state can modify immune
Germline status changes immune transcription .
regulation
Observed basis Mechanistic consequence
Transcriptional opposition does Pair germline manipulation with flux an
plioha’opp e ALTERNATIVE air germline manipulation with flux and
not prove nutrient competition functional-defense assays
Persistent postmating defense reduction Evidence-supported distinction
Life-history setting Mated female insect
. . Mating state can impose lasting immune
Lower subsequent antibacterial defense g P 9
consequences
Observed basis Mechanistic consequence
i i Separ i isioni i
Causal metabolic route remains ALTERNATIVE parate endocrm.e, provmo.nmg, and energetic
unresolved mechanisms experimentally
Shared fat-body production bottleneck Evidence-supported distinction
Life-history setting Simultaneous reproduction and infection
. . . . A polyfunctional tissue can generate
Competing demand for protein synthesis/secretory capacity poly g

mechanistic conflict

Observed basis Mechanistic consequence

Demo_nstrated mechanis_n_1 is ALTERNATIVE Quantify translational_cgpacity and tissue
species- and state-specific demand jointly
Reproductive endocrine switching Evidence-supported distinction
Life-history setting Blood-fed female mosquito
Hormonal signaling favors reproduction while suppressing a Endocrine context can alter the direction of
defined immune process immune regulation

Observed basis Mechanistic consequence

Hormonal effects differ across

R Compare matched hormonal states and immune
species, timing, and effector ALTERNATIVE P .
endpoints across taxa
pathway
Developmental carry-over
Developmental carry-over Evidence-supported distinction
Life-history setting Larval environmental or microbial history
Adult immune/metabolic phenotype differs after developmental Early-life conditions can shape later response
exposure capacity

Observed basis Mechanistic consequence

Carry-over is not synonymous

. . . Follow metabolic state, immunity, and fitne

with adaptation or increased ALTERNATIVE ! ¥ 5
. across stages
fitness
Unresolved phenotype-level trade-off
Mechanistically unresolved trade-off Proposed interpretive category

o . Any observed inverse reproduction—-immunity relationship without direct allocation

Life-history setting y P . y relationship out direct allocatio

evidence
Negative covariance between life-history outputs Indicates conflict at the phenotype level only
Observed basis Mechanistic consequence
Re§ource com_petltlon, ALTERNATIVE Require a measured medl.ator before assigning
endocrine regulation, damage, mechanism
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and tissue constraints remain
alternatives

These distinctions also determine what can legitimately be combined into a mechanistic model. Figure 1 therefore
maps reproductive and developmental effects as conditional routes into immune and life-history outcomes rather
than as one universal resource-allocation arrow.

A. Biological entry states B. Mechanistic domains C. Observed outcomes Legend

Immune outcomes

Energetic reserve »|  Energetic-capacity limitation -
<
cellular/humoral performance — experimentally
supported within
S . reviewed system
Germline / mating state | Immune-transcription regulation » pathogen control
host tolerance/damage
<P proposed
i ” conditional link
Concurrent fat-body Translational / secretory competition
demands . =
Reproductive /
¥ developmental outcomes boundary band =
: ‘ ired
Reproductive A ine switchi il
endgcrine stath > Endoctine swikching fecundity/provisioning interpretation fimit

developmental carry-over

Developmental /
microbial history

Developmental metabolic carry-over

v

survival or condition

,
-
\

D. Interpretation boundary

Observed trade-off #

Taxon Sex Life stage Nutritional state Infection context : Measured endpoint A y

Figure 1. When insect reproduction—immunity trade-offs share a resource mechanism—and when they do not

Metabolic reprogramming during infection

Infection-associated metabolic remodeling is often interpreted as host allocation toward immunity, but causal
ownership cannot be assumed. During dengue virus infection of Aedes aegypti, extensive midgut lipid remodeling
coincides with viral replication [33]. Such covariance establishes that infection and lipid metabolism are coupled,
but it does not by itself distinguish host defense from virus-directed exploitation of host membranes or from
secondary consequences of cellular stress.

Immune priming provides a related inference problem. Transcriptomic analysis of Anopheles albimanus after
exposure to Plasmodium berghei identifies coordinated regulation of metabolic, immune, and cell-cycle pathways
[34]. These data demonstrate molecular reorganization of the primed state, but transcriptional differences are not
equivalent to measured substrate flux. Consequently, pathway enrichment should be treated as evidence for altered
regulatory state rather than direct measurement of energetic allocation.

Sex can further alter metabolic responses to infection. Zika virus infection in Drosophila produces sex-dependent
metabolic changes, with interactions between host antiviral capacity and virus-associated metabolic phenotypes
[35]. This result argues against treating one sex as a default physiological reference and cautions against
transferring metabolic signatures from a surrogate host directly to mosquito—virus systems.

Null relationships are especially informative. Chronic depletion of vertebrate-derived lipids in Aedes aegypti cells
alters lipid metabolism and suppresses several innate-immune features without increasing dengue infectivity per
cell [36]. Thus, an apparently immunosuppressed molecular state need not produce a parallel change in pathogen
outcome. Immune expression, pathogen replication, host survival, and tissue damage should therefore be
measured as distinct response classes.

Microbiota add another source of metabolic agency. Tryptophan catabolism by the gut microbiota of anopheline
mosquitoes can protect the intestinal barrier and reduce parasite susceptibility [37]. Here, the relevant metabolism
is neither exclusively host-derived nor reducible to expenditure of stored energy. Conversely, metabolic
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disturbance itself can activate immunity-like signaling without infection: disruption of lipolysis in adult
Drosophila induces a sterile immune-like pathway associated with stem-cell death [38]. Taken together, these
studies show why infection-associated metabolic change must first be assigned to a biological level and causal
candidate before it is labelled immune allocation.

Context dependence and experimental contradictions

The expanding vector literature reinforces this need for conditional interpretation because host metabolism is
strongly modified by microbiota composition, microbial metabolites, diet, and pathogen identity [39]. Apparent
contradictions in immunometabolism therefore often reflect differences in experimental state rather than mutually
exclusive biological rules.

TOR signaling illustrates this problem. Acute nutrient restriction can associate reduced TOR activity with
improved antibacterial defense, whereas pharmacological TOR inhibition in mosquitoes can improve anti-parasite
immunity at life-history cost. In enterically infected Drosophila, however, TOR activity supports lipid
homeostasis and survival. These observations concern different taxa, tissues, perturbations, pathogens, and
endpoints; they cannot be adjudicated by assigning TOR a universal immune polarity.

Insulin signaling is similarly conditional. Toll activation can suppress downstream insulin-pathway output in
Drosophila, yet increased fat-body insulin signaling in Anopheles stephensi can enhance antibacterial and anti-
Plasmodium responses. The relevant question is therefore not whether insulin signaling is “good” or “bad” for
immunity, but which tissue, nutritional state, pathogen, and immune function are being examined.

Endocrine evidence reaches the same conclusion. 20-hydroxyecdysone can prime immunity in Anopheles
gambiae, whereas reproductive ecdysone signaling in blood-fed Aedes aegypti can suppress a defined immune
mechanism. Species, reproductive state, hormone timing, and effector identity provide plausible boundaries
between these findings and should be reported before invoking contradiction.

Experimental endpoints create another source of disagreement. Increased survival without lower pathogen burden
may indicate tolerance or reduced immunopathology rather than stronger resistance. Conversely, altered immune-
gene expression without altered infectivity may represent molecular responsiveness with little consequence for
the measured pathogen. Molecular, cellular, pathogen, tissue-damage, survival, and reproductive outcomes should
therefore not substitute for one another.

Finally, laboratory transfer remains a major limitation. Most mechanistic evidence comes from genetically
tractable laboratory systems, controlled diets, experimentally defined infections, or cell culture. Such designs
identify mechanisms efficiently but rarely establish how often the same mechanism determines fitness under
fluctuating nutrition, mixed infections, natural microbiota, environmental stress, or field resource limitation.
Table 3 therefore maps where apparently conflicting results can be reconciled by context and where genuine
coverage gaps remain.

Table 3. Context boundaries that separate apparent immunometabolic contradictions from unresolved evidence

gaps
What appears inconsistent Why context matters Resolution path
Contradictio _ . . Interpretive Analytical _ . . .
Evidential pattern P y Priority test Residual uncertainty Standing
consequence context
Pathway and endocrine polarity
The same pathway i . . . Relative contribution
€ same pathway 15 TOR or insulin Factorial elative contributions

associated with  Pathway activity of tissue, nutrient ~ Evidence-

Pathway- - - .~ signaling across  comparisons .
ay different immune  has no defensible >0 9¢ . P state, perturbation  supported
polarity different tissues, using matched .
outcomes under context-free . . method, and pathogen heterogeneit
reversal . . . diets, pathogens, immune L
different immune sign . remain incompletely y
. and taxa endpoints
experimental states separated
Endocrine effects  Ecdysteroid
Endocrine Hormonal signaling must be signaling before  Matched-stage Cross-species Evidence-
state can prime one interpreted infection versus endocrine comparability and  supported
reversal immune state yet relative to during perturbation dose dependence  heterogeneit
suppress another physiological reproductive across taxa remain uncertain y

state and timing activation
Tissue and endpoint divergence
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Molecular and “Systemic

. . . Hemocytes, fat  Tissue-resolved Functional importance
metabolic responses immunometaboli

Tissue-level . . . body, gut, flux plus of transcriptomic Coverage
. differ among tissues sm” can conceal . . -
divergence A . muscle, and renal  functional divergence is often gap
during immune distinct local . .
tissues perturbation unresolved
challenge programs
Resistance,
One outcome tolerance. and Immune markers,
changes while L pathogen burden, Multi-endpoint Relative value of each Proposed
Outcome . life-history . . . L .
. another remains host damage, longitudinal ~ endpoint varies with interpretive
discordance performance . . . . .
unchanged or survival, and experiments infection system  requirement

require separate
adjudication

Causal ownership and field transfer

Metabolic change Association

changes oppositely reproduction

Viral infection or Isotope tracing

accompanies cannot be . . Direction and
Causal- . . . microbiota- and agent- . .
. infection but may assigned . e biological agent Coverage
ownership . . associated specific .
L arise from host,  automatically to . . controlling flux are gap
ambiguity . . - metabolic metabolic
pathogen, microbiota, host immune . . often unresolved
. remodeling perturbation
or shared processes allocation
Mechanistic
. . Controlled diets, . . .
Mechanisms are  validity does not defined Field-linked Natural nutritional
Laboratory- demonstrated under establish infections experiments  variation, coinfection, Proposed
to-field simplified ecological trans enic, preserving microbiota, and validation
transfer environmental prevalence or g mechanistic ~ environmental stress  priority
. . models, and cell
conditions fitness culture measurements  are underrepresented
consequence

Critical integrative model

The evidence reviewed here supports a proposed conditional allocation model rather than a unified energetic-cost
model. Its starting premise is that an immune-associated metabolic change should first be classified by process:
substrate consumption, regulated redistribution, nutrient withholding, immune-cell metabolic specialization,
shared-tissue production constraint, damage-control metabolism, or pathogen/microbiota-associated remodeling.
These categories describe different biological events and should not be collapsed into a single measure of “cost.”
A second axis concerns regulatory state. TOR, insulin, NF-kB-associated signaling, and ecdysteroid pathways
affect immunity differently depending on nutritional condition, tissue, developmental or reproductive state, and
infection type. The model therefore treats pathway activity as conditional information rather than as an invariant
directional predictor. This is essential for reconciling otherwise opposing experimental observations without
dismissing them as inconsistency.

A third axis separates biological levels. Hemocyte metabolism, fat-body translation, intestinal barrier defense,
muscle carbohydrate regulation, renal damage control, endocrine signaling, and microbiota-derived metabolism
can all influence immune outcomes, but they do so through different mechanisms. Evidence at one level should
be transferred to another only when an explicit functional bridge has been demonstrated.

The fourth axis distinguishes outcome classes. Resistance concerns pathogen limitation; tolerance concerns
maintenance of host condition despite infection; immune activation concerns molecular or cellular response; and
life-history effects concern reproduction, development, survival, or later performance. A change in one class
cannot substitute automatically for another. This distinction is especially important when survival improves
without lower pathogen burden or when immune markers change without altered infectivity.

Finally, the model places taxon, sex, life stage, nutritional state, microbiota, infection route, pathogen identity,
and experimental setting around these mechanisms as boundary conditions rather than nuisance variables. The
resulting synthesis does not predict a universal optimum or claim that observed trade-offs are adaptive. Instead, it
provides a proposed inference sequence: identify the metabolic process, locate the biological level, define the
regulatory and life-history state, specify the immune outcome, and only then evaluate whether the evidence
supports resource competition, metabolic support of defense, tolerance, or another explanation.

This interpretation also identifies validation priorities. Future studies would be most informative when they
combine direct metabolic measurements with tissue-resolved perturbation, pathogen burden, host damage,
immune function, and life-history outcomes in the same experimental design. Cross-species comparisons should
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match physiological state and infection context rather than compare nominally identical pathways under
biologically different conditions. Field-linked experiments are particularly necessary to determine whether
mechanisms demonstrated under controlled nutrition retain explanatory value when resource quality, microbiota,
temperature, coinfection, and reproductive state vary simultaneously.

Conclusion

Insect immunometabolism is better understood as a family of conditional allocation and regulatory processes than
as a single energetic cost of immunity. Recent work demonstrates immune-cell metabolic specialization, tissue-
specific substrate redirection, nutrient-sensitive control of hematopoiesis, micronutrient withholding, damage-
control metabolism, endocrine switching, reproductive constraints, developmental carry-over, and pathogen- or
microbiota-associated metabolic remodeling. These processes may converge on similar phenotypes while arising
through different mechanisms.

The proposed conditional allocation model therefore treats metabolic process, biological level, regulatory state,
life-history condition, infection context, and measured outcome as necessary components of interpretation. Its
principal value is restrictive as much as integrative: it prevents metabolic change from being equated automatically
with resource depletion, immune-marker change with host protection, reproductive reduction with direct nutrient
competition, or laboratory mechanism with insect-wide ecological generality. Progress in the field will depend
less on assigning universal direction to familiar pathways than on determining when, where, and for which
biological outcome each immunometabolic mechanism operates.

Acknowledgments: None
Conflict of Interest: None
Financial Support: None
Ethics Statement: None
References

1. Dolezal T, Krejcova G, Bajgar A, Nedbalova P, Strasser P. Molecular regulations of metabolism during
immune response in insects. Insect Biochem Mol Biol. 2019;109:31-42. doi:10.1016/j.ibmb.2019.04.005

2. Galenza A, Foley E. Immunometabolism: Insights from the Drosophila model. Dev Comp Immunol.
2019;94:22-34. doi:10.1016/j.dci.2019.01.011

3. Samaddar S, Marnin L, Butler LR, Pedra JHF. Immunometabolism in arthropod vectors: Redefining
interspecies relationships. Trends Parasitol. 2020;36(10):807-15. doi:10.1016/j.pt.2020.07.010

4. Li S, Yu X, Feng Q. Fat body biology in the last decade. Annu Rev Entomol. 2019;64:315-33.
doi:10.1146/annurev-ento-011118-112007

5. Buchanan JL, Meiklejohn CD, Montooth KL. Mitochondrial dysfunction and infection generate immunity-
fecundity tradeoffs in Drosophila. Integr Comp Biol. 2018;58(3):591-603. doi:10.1093/ich/icy078

6. Krejcova G, Danielova A, Nedbalova P, Kazek M, Strych L, Chawla G, et al. Drosophila macrophages switch
to aerobic glycolysis to mount effective antibacterial defense. Elife. 2019;8:€50414. doi:10.7554/eLife.50414

7. Martinez BA, Hoyle RG, Yeudall S, Granade ME, Harris TE, Castle JD, et al. Innate immune signaling in
Drosophila shifts anabolic lipid metabolism from triglyceride storage to phospholipid synthesis to support
immune function. PLoS Genet. 2020;16(11):1009192. doi:10.1371/journal.pgen.1009192

8. Zhao X, Karpac J. Glutamate metabolism directs energetic trade-offs to shape host-pathogen susceptibility in
Drosophila. Cell Metab. 2021;33(12):2428-44.e8. doi:10.1016/j.cmet.2021.10.003

9. Ramond E, Petrignani B, Dudzic JP, Boquete JP, Poidevin M, Kondo S, et al. The adipokine NimrodB5
regulates peripheral hematopoiesis in Drosophila. FEBS J. 2020;287(16):3399-426. doi:10.1111/febs.15237

10. Yang H, Hultmark D. Drosophila muscles regulate the immune response against wasp infection via
carbohydrate metabolism. Sci Rep. 2017;7(1):15713. doi:10.1038/s41598-017-15940-2



Petrova et al.,

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

Lee JE, Rayyan M, Liao A, Edery I, Pletcher SD. Acute dietary restriction acts via TOR, PP2A, and Myc
signaling to boost innate immunity in  Drosophila. Cell Rep. 2017;20(2):479-90.
doi:10.1016/j.celrep.2017.06.052

Roth SW, Bitterman MD, Birnbaum MJ, Bland ML. Innate immune signaling in Drosophila blocks insulin
signaling by uncoupling PI(3,4,5)P3 production and Akt activation. Cell Rep. 2018;22(10):2550-6.
doi:10.1016/j.celrep.2018.02.033

Kamareddine L, Robins WP, Berkey CD, Mekalanos JJ, Watnick PI. The Drosophila immune deficiency
pathway modulates enteroendocrine function and host metabolism. Cell Metab. 2018;28(3):449-62.e5.
doi:10.1016/j.cmet.2018.05.026

Vandehoef C, Molaei M, Karpac J. Dietary adaptation of microbiota in Drosophila requires NF-xB-dependent
control of  the  translational regulator ~ 4E-BP. Cell Rep. 2020;31(10):107736.
doi:10.1016/j.celrep.2020.107736

Feng Y, Chen L, Gao L, Dong L, Wen H, Song X, et al. Rapamycin inhibits pathogen transmission in
mosquitoes by  promoting  immune  activation. PLoS  Pathog.  2021;17(2):e1009353.
doi:10.1371/journal.ppat.1009353

Hun LV, Cheung KW, Brooks E, Zudekoff R, Luckhart S, Riehle MA. Increased insulin signaling in the
Anopheles stephensi fat body regulates metabolism and enhances the host response to both bacterial challenge
and  Plasmodium  falciparum infection. Insect Biochem Mol Biol. 2021;139:103669.
doi:10.1016/j.ibmb.2021.103669

Deshpande R, Lee B, Qiao Y, Grewal SS. TOR signalling is required for host lipid metabolic remodelling
and survival following enteric infection in Drosophila. Dis Model Mech. 2022;15(5):dmm049551.
d0i:10.1242/dmm.049551

Reynolds RA, Kwon H, Smith RC. 20-Hydroxyecdysone primes innate immune responses that limit bacterial
and malarial parasite survival in  Anopheles gambiae. mSphere. 2020;5(2):e00983-19.
doi:10.1128/mSphere.00983-19

Yang S, Zhao Y, Yu J, Fan Z, Gong ST, Tang H, et al. Sugar alcohols of polyol pathway serve as alarmins
to mediate local-systemic innate immune communication in Drosophila. Cell Host Microbe. 2019;26(2):240-
51.e8. d0i:10.1016/j.chom.2019.07.001

Lee KA, Cho KC, Kim B, Jang IH, Nam K, Kwon YE, et al. Inflammation-modulated metabolic
reprogramming is required for DUOX-dependent gut immunity in Drosophila. Cell Host Microbe.
2018;23(3):338-52.€5. d0i:10.1016/j.chom.2018.01.011

latsenko |, Marra A, Boquete JP, Pefia J, Lemaitre B. Iron sequestration by transferrin 1 mediates nutritional
immunity in Drosophila melanogaster. Proc Natl Acad Sci U S A. 2020;117(13):7317-25.
d0i:10.1073/pnas.1914830117

Li X, Rommelaere S, Kondo S, Lemaitre B. Renal purge of hemolymphatic lipids prevents the accumulation
of ROS-induced inflammatory oxidized lipids and protects Drosophila from tissue damage. Immunity.
2020;52(2):374-87.e6. d0i:10.1016/j.immuni.2020.01.008

Madhwal S, Shin M, Kapoor A, Goyal M, Joshi MK, Rehman PMU, et al. Metabolic control of cellular
immune-competency by odors in Drosophila. Elife. 2020;9:e60376. doi:10.7554/eLife.60376

Chakrabarti S, Visweswariah SS. Intramacrophage ROS primes the innate immune system via JAK/STAT
and Toll activation. Cell Rep. 2020;33(6):108368. doi:10.1016/j.celrep.2020.108368

Deng Z, Yang Y, Luo J, Zhang B, Liu J, Shui G, et al. An integrated transcriptomics and lipidomics analysis
reveals that ergosterol is required for host defense against bacterial infection in Drosophila. Front Immunol.
2022;13:933137. doi:10.3389/fimmu.2022.933137

Vaibhvi V, Kiinzel S, Roeder T. Hemocytes and fat body cells, the only professional immune cell types in
Drosophila, show strikingly different responses to systemic infections. Front Immunol. 2022;13:1040510.
doi:10.3389/fimmu.2022.1040510

Rodrigues MA, Merckelbach A, Durmaz E, Kerdaffrec E, Flatt T. Transcriptomic evidence for a trade-off
between germline proliferation and immunity in Drosophila. Evol Lett. 2021;5(6):644-56.
doi:10.1002/evl3.261

Gordon KE, Wolfner MF, Lazzaro BP. A single mating is sufficient to induce persistent reduction of immune
defense in mated female Drosophila melanogaster. J Insect Physiol. 2022;140:104414.
doi:10.1016/j.jinsphys.2022.104414

144



145

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

Petrova et al.,

Walton A, Toth AL, Dolezal AG. Developmental environment shapes honeybee worker response to virus
infection. Sci Rep. 2021;11(1):13961. doi:10.1038/s41598-021-93199-4

Gupta V, Frank AM, Matolka N, Lazzaro BP. Inherent constraints on a polyfunctional tissue lead to a
reproduction-immunity tradeoff. BMC Biol. 2022;20(1):127. doi:10.1186/s12915-022-01328-w

Wang M, Wang Y, Chang M, Wang X, Shi Z, Raikhel AS, et al. Ecdysone signaling mediates the trade-off
between immunity and reproduction via suppression of amyloids in the mosquito Aedes aegypti. PL0S
Pathog. 2022;18(9):1010837. doi:10.1371/journal.ppat.1010837

Giraud E, Varet H, Legendre R, Sismeiro O, Aubry F, Dabo S, et al. Mosquito-bacteria interactions during
larval development trigger metabolic changes with carry-over effects on adult fitness. Mol Ecol.
2022;31(5):1444-60. d0i:10.1111/mec.16327

Chotiwan N, Andre BG, Sanchez-Vargas I, Islam MN, Grabowski JM, Hopf-Jannasch A, et al. Dynamic
remodeling of lipids coincides with dengue virus replication in the midgut of Aedes aegypti mosquitoes.
PLoS Pathog. 2018;14(2):e1006853. doi:10.1371/journal.ppat.1006853

Maya-Maldonado K, Cime-Castillo J, Maya-Lucas O, Argotte-Ramos R, Rodriguez MC, Lanz-Mendoza H.
Transcriptome analysis uncover differential regulation in cell cycle, immunity, and metabolism in Anopheles
albimanus during immune priming with Plasmodium berghei. Dev Comp Immunol. 2021;120:104046.
doi:10.1016/j.dci.2021.104046

Tafesh-Edwards G, Kalukin A, Eleftherianos I. Zika virus induces sex-dependent metabolic changes in
Drosophila  melanogaster to promote viral replication. Front Immunol. 2022;13:903860.
doi:10.3389/fimmu.2022.903860

Marten AD, Tift CT, Tree MO, Bakke J, Conway MJ. Chronic depletion of vertebrate lipids in Aedes aegypti
cells dysregulates lipid metabolism and inhibits innate immunity without altering dengue infectivity. PLoS
Negl Trop Dis. 2022;16(10):e0010890. doi:10.1371/journal.pntd.0010890

Feng Y, Peng Y, Song X, Wen H, An Y, Tang H, et al. Anopheline mosquitoes are protected against parasite
infection by tryptophan catabolism in gut microbiota. Nat Microbiol. 2022;7(5):707-15. doi:10.1038/s41564-
022-01099-8

Aggarwal P, Liu Z, Cheng GQ, Singh SR, Shi C, Chen Y, et al. Disruption of the lipolysis pathway results in
stem cell death through a sterile immunity-like pathway in adult Drosophila. Cell Rep. 2022;39(12):110958.
doi:10.1016/j.celrep.2022.110958

Song X, Zhong Z, Gao L, Weiss BL, Wang J. Metabolic interactions between disease-transmitting vectors
and their microbiota. Trends Parasitol. 2022;38(8):697-708. doi:10.1016/j.pt.2022.05.002



