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encapsulation and melanization
in Drosophila
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Cellular encapsulation associated with melanization is a crucial component of
the immune response in insects, particularly against larger pathogens. The
infection of a Drosophila larva by parasitoid wasps, like Leptopilina boulardi, is
the most extensively studied example. In this case, the encapsulation and
melanization of the parasitoid embryo is linked to the activation of
plasmatocytes that attach to the surface of the parasitoid. Additionally, the
differentiation of lamellocytes that encapsulate the parasitoid, along with
crystal cells, is accountable for the melanization process. Encapsulation and
melanization lead to the production of toxic molecules that are concentrated in
the capsule around the parasitoid and, at the same time, protect the host from
this toxic immune response. Thus, cellular encapsulation and melanization
represent primarily a metabolic process involving the metabolism of immune
cell activation and differentiation, the production of toxic radicals, but also the
production of melanin and antioxidants. As such, it has significantimplications for
host physiology and systemic metabolism. Proper regulation of metabolism
within immune cells, as well as at the level of the entire organism, is therefore
essential for an efficient immune response and also impacts the health and
overall fitness of the organism that survives. The purpose of this “perspective”
article is to map what we know about the metabolism of this type of immune
response, place it in the context of possible implications for host physiology, and
highlight open questions related to the metabolism of this important insect
immune response.
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Introduction

Insects possess primarily innate immunity, which includes both
humoral and cellular immunity. Antimicrobial peptides and the
melanization cascade constitute humoral immunity, while
hemocytes, which perform various immune functions such as
phagocytosis, encapsulation, and melanization, provide cellular
immunity. Thus, melanization, which occurs in both humoral and
cellular responses, is an essential component of insect immunity, as
we have learned especially from the work of Anthony Nappi (1, 2).
Melanization is a process that involves the oxidation of tyrosine and
the production of quinones, which polymerize to form melanin (3).
The process has several roles, including a developmental role in
cuticle pigmentation and the nervous system, an immune role in
clot formation during wounding, and a role in phagocytosis,
nodulation, or encapsulation of bacteria, fungi, and parasites (4).
Cellular melanization is particularly utilized in the encapsulation of
multicellular pathogens. I focus here on the infection of the
Drosophila larva by a parasitoid wasp, which is the most
extensively studied model (5).

An effective immune response requires appropriate changes in
immune cell metabolism and associated changes in systemic
metabolism (6-9). Although immunometabolism has been a
popular topic in recent years, research on immunometabolism in
insects has somewhat lagged (10). Very little is known about the
metabolic changes associated with cellular encapsulation and
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melanization, which is primarily a metabolic response. The
enormous nutrient requirements of this response have a major
impact on the entire organism, and regulation of metabolism
therefore affects not only the efficiency of the response, but also
the development and physiology of the surviving organism (11).
The production of toxic molecules is essential to eliminate the
pathogen, but is harmful to the host (3, 12). Adjusting the strength
of the response while protecting the host has significant
evolutionary and ecological implications (13, 14). The pathogen
interferes with the host’s immune response by targeting the
metabolism of the response (15). A thorough understanding of all
these relationships cannot be achieved without examining the
complex metabolic changes that support this response. This
article focuses on what is known about these changes and the
open questions that remain.

During the reaction of the Drosophila larva to the parasitoid
wasp egg (Figure 1), circulating plasmocytes are the first to
recognize the parasitoid egg and activate immune response. This
results in the mobilization of “sessile” hemocytes into the
circulation (16), some of which attach to the egg, while others
along with the originally circulating hemocytes trans-differentiate
into lamellocytes (17). Once fully differentiated, the lamellocytes
attach to the egg and encapsulate it in multiple layers. Additional
lamellocytes are produced in the lymph gland. Encapsulation is
associated with melanization, which is facilitated by the expression
of prophenoloxidase PPO2 in crystal cells and PPO3 in lamellocytes
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Cellular melanizing encapsulation response of Drosophila larvae to the egg of the parasitoid wasp Leptopilina boulardi. Schematic representation of
hemocyte response, nutrient requirement, activation and differentiation, progressive adherence, encapsulation of the egg in multiple layers, and
melanization (schematically shown from left to right on the egg). A simplified melanization reaction is shown in the middle, with the most critical
redox interconversions between 5,6-dihydroxyindole, indole-semiquinone, and indole-quinone (shown by chemical formulas from left to right), the
generation of reactive oxygen species to destroy the parasitoid (shown above the reaction), or the scavenging of radicals in cooperation with
glutathione GSH to protect the host from the escape of radicals (shown below the reaction). The balance between radical generation and radical
scavenging (indicated by the scale symbol) determines host resistance and protection. GSH, glutathione; PPO2/3, prophenoloxidase 2/3;

PO, phenoloxidase.
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(18). On the one hand, encapsulation and melanization ensure the
elimination of the parasitoid by generating toxic molecules that are
localized and concentrated on the egg inside the capsule, and on the
other hand, they are presumed to protect the host by keeping this
toxic reaction inside the capsule.

What are the metabolic requirements of hemocytes during
parasitoid encapsulation and melanization (Figure 2)? Hemocytes
maintain their basic vital functions in the resting state, i.e. without
infection, and generate ATP with maximum efficiency from glucose
by glycolysis and from fatty acids by beta-oxidation coupled to
oxidative phosphorylation in mitochondria (19). This process
allows them to produce up to 38 ATPs per molecule of glucose,
although in reality it is lower. Once activated by the detection of a
parasitoid, previously dormant processes are initiated in hemocytes.
Unlike, for example, the activation of mammalian T lymphocytes,
which require nutrient support for cell division, there is minimal
hemocyte proliferation in this response (17, 19, 20). However, over
a thousand genes undergo changes (9) that lead to intense
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transcription and translation, requiring nucleotide production
and amino acid uptake to support them. During cellular
differentiation, epigenetic modifications occur that require
methylation. Methylation is also required for post-translational
modification of new proteins. The methylation cycle intensifies
during immune response, resulting in increased consumption of
ATP and methionine, from which S-adenosylmethionine (SAM) is
formed as a source of methyl groups (21). Differentiation of
lamellocytes and encapsulation of the parasitoid by plasmatocytes
and lamellocytes requires changes in the cytoskeleton and
membrane, with cells adhering to the surface of the parasitoid
where they interconnect to form layers of the capsule (22).
Metabolically demanding is the production of reactive oxygen
species (ROS) and other toxic molecules to destroy the parasitoid,
but also the production of antioxidants to protect the host. Both
actions are redox reactions that consume significant amounts of
NADPH. NADPH is generated primarily by oxidative PPP, which
uses glucose as its source (23), or by malic enzyme and isocitrate
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Metabolic pathways supporting cellular melanizing encapsulation. A detailed description is provided throughout the main text. Metabolites in gray
boxes represent the predicted nutritional requirements of hemocytes during the response. Cyclic PPP, cyclic pentose phosphate pathway; DCE,
dopachrome conversion enzyme; DHI, 5,6-dihydroxyindole; GlyP, glycogen phosphorylase; GlyS, glycogen synthase; GPI, glucose-6-phosphate
isomerase; Gpx, glutathione peroxidase; Indole-SQ, Indole-semiquinone; GSH, glutathione; GSSG, glutathione disulfide; PAH, phenylalanine
hydroxylase; Pgd, Phosphogluconate dehydrogenase; PO, phenoloxidase; Prx, thioredoxin peroxidase; SAM, S-adenosylmethionine; SOD, superoxide
dismutase; Tpsl, trehalose-6-phosphate synthase 1; Treh, trehalase; Trx, thioredoxin; TrxR, thioredoxin reductase; UGP, UDP-glucose
pyrophosphorylase; Zw, Zwischenferment (glucose-6-phosphate dehydrogenase).

Frontiers in Immunology

03

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1330312
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dolezal

dehydrogenase, which require citric acid cycle intermediates (24).
For melanization, the source is tyrosine, but this is more likely to be
supplied to cells as phenylalanine and converted to tyrosine by
phenylalanine hydroxylase (14). The role of mitochondrial function
and ATP production in hemocytes during this immune response
remains uncertain. However, lactate production is increased in
hemocytes (9, 10), suggesting increased ATP production by
glycolysis, which is much less efficient (2 ATP per glucose
molecule) and consequently requires more glucose.

The primary purpose of cellular encapsulation and
melanization is to produce toxic molecules that will eliminate the
parasitoid, while localizing this production to the surface of the
parasitoid and protecting the host (3). All processes are ultimately
directed toward this goal. Both ROS and antioxidant production
require NADPH. NADPH oxidase transfers electrons from
NADPH to molecular oxygen, resulting in a one-electron
reduction to the superoxide anion O,". Of the three NADPH
oxidases, most hemocyte types express AIF, but very little Nox or
Duox genes (9, 19, 20). The conversion of O, to H,0, occurs
spontaneously or with the assistance of superoxide dismutase [the
SODI and SOD2 genes are both strongly expressed in most
hemocytes (9, 19, 20)]. These primary ROS (O,  and H,0,) can
be further processed to the much more reactive hydroxyl radical
(*OH) or hypochlorous acid (HOCI) (3). The cyclic pentose
phosphate pathway (PPP) is the most efficient mechanism for
reducing NADP" to NADPH, yielding up to six NADPH per
glucose during the re-oxidation of glucose 6-phosphate (G6P)
(23). In cyclic PPP, G6P is oxidized to phosphogluconolactone by
glucose-6-phosphate dehydrogenase, reducing one NADP™. In the
following step, 6-phosphogluconate dehydrogenase reduces another
NADP"* while catalyzing the oxidation and decarboxylation of
phosphogluconate to produce ribulose 5-phosphate pentose. The
pentoses can be used for de novo nucleotide synthesis, but if more
NADPH is needed, xylulose 5-phosphate and ribose 5-phosphate
can be converted by transketolase and transaldolase to
glyceraldehyde 3-phosphate (GAP) and fructose 6-phosphate.
This hexose can be converted back to G6P by the reversed action
of glucose-6-phosphate isomerase and oxidized again to produce
more NADPH, forming a pentose cycle (cyclic PPP). Through the
action of transketolases and transaldolases, six pentoses are recycled
to four hexoses and two GAPs. Transketolases and transaldolases
can also work in the opposite direction (25), using non-oxidative
PPP to form pentoses from hexoses when the cell primarily needs to
produce nucleotides.

Drosophila larval hemocytes metabolize glucose by cyclic PPP,
and this metabolism is greatly increased during parasitoid infection
(9) [detailed analysis of the expression of glycolytic and PPP
enzymes in hemocytes is presented in (9)]. Another possibility for
the formation of cytosolic NADPH is the utilization of the citric
acid cycle intermediates, isocitrate and malate, which are
transported from the mitochondria to the cytoplasm and
metabolized by isocitrate dehydrogenase [Idh is strongly
expressed in plasmatocytes, less in lamellocytes (9, 19, 20)] or
malic enzyme [Men is strongly expressed in hemocytes, especially
in crystal cells (9, 19, 20)] to alpha-ketoglutarate and pyruvate,
respectively, with concomitant reduction of NADP" to NADPH.
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The source in this case may be pyruvate from glycolysis, beta-
oxidation of fatty acids, or proline (or possibly glutamine), which is
converted in the mitochondria to glutamate and alpha-
ketoglutarate, which may be converted in one direction to
isocitrate and in the other to malate, thus serving as a source for
NADPH formation. Proline is one of the most abundant amino
acids in insect hemolymph (26-28), but it is not known whether it is
used as an alternative source of NADPH in hemocytes during
encapsulation/melanization. P5cr and P5cr-2, which are predicted
to convert proline to pyrroline-5-carboxylate, and PSCDh1, which is
predicted to convert L-glutamate 5-semialdehyde to glutamate, are
expressed in hemocytes with stronger expression in lamellocytes (9,
19, 20). GAP formed by glycolysis or cyclic PPP, citrate and
NADPH are also important for lipid metabolism, which is most
likely essential during this reaction, at least for membrane
remodeling during lamellocyte differentiation. All this can be
provided by glucose metabolism and the coupling of cyclic PPP
with downstream glycolysis and pyruvate metabolized in the citric
acid cycle, or supplemented by proline metabolism in
mitochondria. It is not known whether rewiring of mitochondrial
metabolism, either for additional NADPH production by isocitrate
dehydrogenase and malic enzyme or to support lipid metabolism,
reduces ATP production by oxidative phosphorylation and thus the
cell produces more ATP by glycolysis ending in lactate, whose
increased production we detected during this response (9). The role
of mitochondrial metabolism requires further investigation.
Melanization begins with the oxidation of tyrosine by phenol
oxidase (PO) in the presence of O, (29). Tyrosine is replenished in
cells from phenylalanine by phenylalanine hydroxylase [Hn is
expressed in hemocytes, more in plasmatocytes, less in
lamellocytes (9, 19, 20)], so phenylalanine or tyrosine are essential
sources for melanization. PO oxidizes tyrosine to dopaquinone,
which is converted by intramolecular cyclization to
leucodopachrome. The latter is oxidized to dopachrome by
dopaquinone, while dopaquinone is reduced to L-DOPA, which is
oxidized back to dopaquinone by PO. In an environment with
cysteine or glutathione (GSH), cysteinyldopa and red pheomelanin
can be formed (4). Whether this type of melanization plays a role in
this immune response is unknown (30). Dopachrome is a substrate
for the enzyme yellow-f (31), which decarboxylates it to 5,6-
dihydroxyindole (DHI). yellow-f is one of the genes with the
highest up-regulation in hemocytes after parasitoid challenge due
to a strong expression in lamellocytes (9, 19, 20). In mammals, the
tautomerization of dopachrome to DHICA (no decarboxylation),
which is the basis of DHICA eumelanin, is also known; in insects,
the formation of DHICA is unclear (4). The highly diffusible DHI
and its redox conversion between DHI, indole-semiquinone and
indolequinone probably represent the essential role that
melanization plays in this type of immune response (3).
Depending on the environment in which these redox conversions
occur (pH, redox state, presence of antioxidants), this part of the
melanization cascade can either greatly enhance the production of
toxic radicals or, conversely, scavenge them. DHI is converted to
indole-semiquinone in the presence of oxygen radicals to form
H,0,. In addition to NADPH oxidase, the source of the oxygen
radical may be the conversion of indole-semiquinone to
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indolequinone (3). Indole-semiquinone is further converted to
indolequinone in the presence of Cu®*/Fe’*, reducing the ions to
Cu* and Fe*, respectively. Cu* and Fe** can convert H,0, to a
highly reactive hydroxyl radical (Fenton reaction), which locally
damages various biomolecules at the site of its formation. When this
reaction is directed to the surface of the parasitoid, it destroys it.
Indolequinone can be reduced by NADPH:quinone reductase to
indole-semiquinone (one-electron reduction) or DHI (two-electron
reduction) (32), and the next round of oxidation could produce
additional H,O,, ions, and ultimately "OH. Unfortunately, it is not
known whether NADPH:quinone reductase plays a role in
melanization, so possible interconversion using NADPH
is speculative.

However, in an environment with GSH, the same
interconversions can scavenge radicals (3). DHI converts O, to
H,0,, which is converted to H,O by GSH. Indolequinone,
presumably involving NADPH:quinone reductase, scavenges O,
to O,. In both cases, reactive indole-semiquinone is formed. The
two indole-semiquinones can react with each other to form DHI
(reduction) and indolequinone (oxidation), which can scavenge
other O, radicals. Thus, in an environment where Cu and Fe ions
are present, DHI-semiquinone-quinone interconversion can lead to
radical production, whereas in an environment with GSH, it can
scavenge radicals. Finally, indolequinone can polymerize into
visible black eumelanin. DHI-semiquinone-quinone
interconversions can occur spontaneously without enzymatic
action. However, it is likely that enzymes (PO, NADPH:quinone
reductase, NADPH oxidase) and the supply of Cu/Fe ions can direct
these conversions in the desired direction. Whether NADPH is
needed only for the input (NADPH oxidase) and for antioxidant
formation (thioredoxin system), or whether it is also involved in
melanization itself, is a question. In any case, the production and
scavenging of radicals, the essence of this immune response,
depends on sufficient NADPH production.

The parasitoid is destroyed by the production of radicals, and
although their production appears to be tightly regulated and
somehow localized and targeted to the parasitoid, the escaping
radicals still threaten the host itself. Therefore, host protection by
antioxidant production and ROS scavenging is an integral part of
this immune response. We found increased levels of the reduced
form of glutathione and taurine in hemocytes (9). Diptera lack
glutathione reductase and therefore utilize a thioredoxin system in
which the protein thioredoxin Trx S, is reduced to the dithiol form
Trx (SH), by NADPH-dependent thioredoxin reductase (TrxR)
(33). Hemocytes strongly express Trxrl and Trx-2, many different
peroxiredoxins and glutathione peroxidase dj-1beta, with increasing
expression in lamellocytes (9, 19, 20). The reduced thioredoxin then
reduces glutathione disulfide (GSSG) to GSH. GSH reduces H,O, to
water, which can also be reduced by thioredoxin peroxidase (Prx),
which is also reduced by thioredoxin. Hemocytes express each
component of this system very strongly, and lamellocytes appear
to further increase expression, consistent with increased GSH
production in hemocytes after infection. Thus, the thioredoxin
system appears to be another major consumer of NADPH.

Increased glutathione and taurine must be newly produced in
the hemocytes. The source is cysteine, which, if insufficient, is
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produced by the transsulfuration pathway from homocysteine, the
source of which is methionine and the methylation pathway (SAM
cycle) (34). Activated immune cells take up large amounts of
methionine and significantly increase the methylation pathway
(21). After ATP, SAM is one of the most abundant molecules in
the cell. SAM is the source of the methyl group for the vast majority
of methylation in the cell, both for the regulation of gene expression
and for the methylation of newly generated biomolecules, especially
proteins. In addition, the methylation pathway is the source of
homocysteine for transsulfuration and the formation of GSH and
taurine (34). The methylation pathway starts with the coupling of
methionine and ATP, so its increase depends on the de novo
production of ATP (the source is glucose and PPP) and the
uptake of methionine. Thus, methylation and antioxidant
production, which seems to be important for this immune
response, are another reason for the need for glucose and amino
acids such as methionine, glutamine, glycine, and serine
in hemocytes.

Activation and differentiation of hemocytes takes place in the
circulation, in sessile pockets or in the lymph gland, ie. in
environments with easy access to sugars and amino acids.
However, melanization and related processes take place on the
surface of the parasitoid and later in the capsule, which is formed by
many layers of encapsulating cells that gradually die. In this
environment, they probably have limited access to nutrients.
Nevertheless, they must still metabolize intensively for several
hours, certainly at least reducing NADP" to NADPH. Therefore,
it can be assumed that prior to encapsulation, hemocytes
accumulate reserves of sugars and possibly other biomolecules
(e.g., as a source of amino acids) for later use in NADPH
production and melanization reactions. For example, mammalian
neutrophils accumulate glycogen from which they then liberate
glucose at their site of action, where sugars are no longer readily
available (35). Insect hemocytes can potentially form glycogen or
trehalose-6-phosphate stores (36) because they express the
necessary enzymes (UGP, GlyS, Tpsl) (9). They also express the
enzymes required to release glucose from these stores (GlyP and
Treh) (9), and the expression of these enzymes is markedly
increased in differentiated lamellocytes (19, 20).

Although we have learned a lot about the melanization cascade
through Nappi’s work, and more recently about supporting
metabolism, especially cyclic PPP, there are still many
unanswered questions:

1. How to achieve a localized toxic response that kills the
pathogen but not the host? Do different types of hemocytes
play different roles in this response? For example, are
plasmatocytes and crystal cells primarily responsible for
radical generation because they are the first to adhere to the
parasitoid surface (37), whereas lamellocytes, which adhere
later and form the outer layers of the capsule, are more
likely to be responsible for protective functions and radical
scavenging? If so, how are similar effects achieved in insect
species that do not produce lamellocytes (5)?

2. Do Fe and Cu ions and Fenton reactions play an important
role in melanization as suggested by Nappi? If so, how is
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their enrichment and controlled release on the pathogen
surface achieved? Do Fe-transporting proteins such as
transferrin (38, 39) play a role?

3. Do hemocytes store glycogen and trehalose, and is this
essential for this response? Do they also store amino acids,
e.g. in the form of storage proteins such as Lsp (40)?

4. Metabolism is very flexible. Does the metabolism of this
reaction change based on the current nutritional status of
the organism? Can proline or glutamine and NADPH
production by isocitrate dehydrogenase and/or malic
enzyme replace NADPH production by glucose
metabolism via cyclic PPP?

5. How is the host protected against this reaction? Is there an
essential role for the thioredoxin system in the production
of antioxidants? Is the cysteine source or the methylation
cycle and transsulfuration pathway essential?

6. How is the balance between producing and scavenging
toxic radicals established? Too little production and/or too
much scavenging will reduce resistance, the opposite will
lead to more host damage. Thus, the balance is of great
evolutionary importance.

7. All of these processes are potential targets for pathogen
interference with the host immune response. How do they
affect host-pathogen coevolution, and which ones become
targets for perturbation by the pathogen?

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.flyrnai.org/scRNA/blood/; https://
www.flyrnai.org/tools/single_cell/web.

References

1. Nappi AJ, Vass E. Cytotoxic reactions associated with insect immunity. In: Beck G,
Sugumaran M, Cooper EL, editors. Phylogenetic Perspectives on the Vertebrate Immune
System. Boston, MA: Springer US (2001). p. 329-48. Available at: http://link.springer.com/10.
1007/978-1-4615-1291-2_33. (Advances in Experimental Medicine and Biology; vol. 484).

2. Yang L, Qiu L, Fang Q, Stanley DW, Ye G. Cellular and humoral immune
interactions between Drosophila and its parasitoids. Insect Sci (2021) 28(5):1208-27.
doi: 10.1111/1744-7917.12863

3. Nappi AJ, Christensen BM. Melanogenesis and associated cytotoxic reactions:
Applications to insect innate immunity. Insect Biochem Mol Biol (2005) 35(5):443-59.
doi: 10.1016/j.ibmb.2005.01.014

4. Sugumaran M, Barek H. Critical analysis of the melanogenic pathway in insects
and higher animals. Int ] Mol Sci (2016) 17(10):1753. doi: 10.3390/ijms17101753

5. Kim-Jo C, Gatti JL, Poirié M. Drosophila cellular immunity against parasitoid
wasps: A complex and time-dependent process. Front Physiol (2019) 10:603/full.
doi: 10.3389/fphys.2019.00603/full

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:e50414. doi: 10.7554/eLife.50414

7. Krejcova G, Morgantini C, Zemanova H, Lauschke VM, Kovarova J, Kubasek J,
et al. Macrophage-derived insulin antagonist ImpL2 induces lipoprotein mobilization
upon bacterial infection. EMBO J (2023) e114086. doi: 10.15252/emb;j.2023114086

8. McMullen E, Strych L, Chodakova L, Krebs A, Dolezal T. JAK/STAT mediated
insulin resistance in muscles is essential for effective immune response. bioRxiv (2023)
10.04.560867. doi: 10.1101/2023.10.04.560867

Frontiers in Immunology

10.3389/fimmu.2023.1330312

Author contributions

TD: Funding acquisition, Visualization, Writing - original
draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Grant Agency of the Czech Republic (Project
20-09103S; www.gacr.cz).

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

9. Kazek M, Chodéakova L, Lehr K, Strych L, Nedbalova P, McMullen E, et al.
Metabolism of glucose and trehalose by cyclic pentose phosphate pathway is essential
for effective immune response in Drosophila. bioRxiv (2023) 08.17.553657.
doi: 10.1101/2023.08.17.553657

10. 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

11. Bajgar A, Kucerova K, Jonatova L, Tomcala A, Schneedorferova I,
Okrouhlik J, et al. Extracellular adenosine mediates a systemic metabolic
switch during immune response. PloS Biol (2015) 13(4):e1002135. doi: 10.1371/
journal.pbio.1002135

12. DeJong RJ, Miller LM, Molina-Cruz A, Gupta L, Kumar S, Barillas-Mury C.
Reactive oxygen species detoxification by catalase is a major determinant of fecundity in
the mosquito Anopheles Gambiae. Proc Natl Acad Sci (2007) 104(7):2121-6. doi:
10.1073/pnas.0608407104

13. Schulenburg H, Kurtz J, Moret Y, Siva-Jothy MT. Introduction. Ecological
immunology. Philos Trans R Soc B: Biol Sci (2008) 364(1513):3-14. doi: 10.1098/
rstb.2008.0249

14. Fuchs S, Behrends V, Bundy JG, Crisanti A, Nolan T. Phenylalanine metabolism
regulates reproduction and parasite melanization in the malaria mosquito. PloS One
(2014) 9(1):e84865. doi: 10.1371/journal.pone.0084865

15. Kohler L], Carton Y, Mastore M, Nappi AJ. Parasite suppression of the
oxidations of eumelanin precursors inDrosophila melanogaster. Arch Insect Biochem
Physiol (2007) 66(2):64-75. doi: 10.1002/arch.20199

frontiersin.org


https://www.flyrnai.org/scRNA/blood/
https://www.flyrnai.org/tools/single_cell/web
https://www.flyrnai.org/tools/single_cell/web
http://www.gacr.cz
http://link.springer.com/10.1007/978-1-4615-1291-2_33
http://link.springer.com/10.1007/978-1-4615-1291-2_33
https://doi.org/10.1111/1744-7917.12863
https://doi.org/10.1016/j.ibmb.2005.01.014
https://doi.org/10.3390/ijms17101753
https://doi.org/10.3389/fphys.2019.00603/full
https://doi.org/10.15252/embj.2023114086
https://doi.org/10.1101/2023.10.04.560867
https://doi.org/10.1101/2023.08.17.553657
https://doi.org/10.1016/j.ibmb.2019.04.005
https://doi.org/10.1371/journal.pbio.1002135
https://doi.org/10.1371/journal.pbio.1002135
https://doi.org/10.1073/pnas.0608407104
https://doi.org/10.1098/rstb.2008.0249
https://doi.org/10.1098/rstb.2008.0249
https://doi.org/10.1371/journal.pone.0084865
https://doi.org/10.1002/arch.20199
https://doi.org/10.3389/fimmu.2023.1330312
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dolezal

16. Schmid MR, Anderl I, Vesala L, Vanha-aho LM, Deng XJ, Rimet M, et al.
Control of drosophila blood cell activation via toll signaling in the fat body. PloS One
(2014) 9(8):e102568. doi: 10.1371/journal.pone.0102568

17. Anderl I, Vesala L, Thalainen TO, Vanha-aho LM, Ando I, Rimet M, et al.
Transdifferentiation and Proliferation in Two Distinct Hemocyte Lineages in
Drosophila melanogaster Larvae after Wasp Infection. PloS Pathog (2016) 12(7):
€1005746. doi: 10.1371/journal.ppat.1005746

18. Dudzic JP, Kondo S, Ueda R, Bergman CM, Lemaitre B. Drosophila innate
immunity: regional and functional specialization of prophenoloxidases. BMC Biol
(2015) 13(1):81. doi: 10.1186/s12915-015-0193-6

19. Cattenoz PB, Sakr R, Pavlidaki A, Delaporte C, Riba A, Molina N, et al. Temporal
specificity and heterogeneity of Drosophila immune cells. EMBO ] (2020) 39(12):
€104486. doi: 10.15252/embj.2020104486

20. Tattikota SG, Cho B, Liu Y, Hu Y, Barrera V, Steinbaugh MJ, et al. A single-cell
survey of Drosophila blood. eLife (2020) 9:e54818. doi: 10.7554/eLife.54818

21. Yu W, Wang Z, Zhang K, Chi Z, Xu T, Jiang D, et al. One-carbon metabolism
supports S-adenosylmethionine and histone methylation to drive inflammatory
macrophages. Mol Cell (2019) 75(6):1147-1160.e5. doi: 10.1016/j.molcel.2019.06.039

22. Williams MJ, Ando I, Hultmark D. Drosophila melanogaster Rac2 is necessary
for a proper cellular immune response. Genes To Cells: Devoted to Mol Cell Mechanisms
(2005) 10(8):813-23. doi: 10.1111/j.1365-2443.2005.00883.x

23. Britt EC, Lika J, Giese MA, Schoen TJ, Seim GL, Huang Z, et al. Switching to the
cyclic pentose phosphate pathway powers the oxidative burst in activated neutrophils.
Nat Metab (2022) 4(3):389-403. doi: 10.1038/s42255-022-00550-8

24. Merritt TJS, Kuczynski C, Sezgin E, Zhu CT, Kumagai S, Eanes WF. Quantifying
interactions within the NADP(H) enzyme network in Drosophila melanogaster.
Genetics (2009) 182(2):565-74. doi: 10.1534/genetics.109.100677

25. Katz ], Rognstad R. The labeling of pentose phosphate from glucose-14C and
estimation of the rates of transaldolase, transketolase, the contribution of the pentose cycle,
and ribose phosphate synthesis*. Biochemistry (1967) 6(7):2227-47. doi: 10.1021/bi00859a046

26. Des Marteaux L, Kuera L, Moos M, Stétina T, Korbelova J, Des Marteaux L,
et al. A mixture of innate cryoprotectants is key for freeze tolerance and
cryopreservation of a drosophilid fly larva. J Exp Biol (2022) 225(8):jeb243934.
doi: 10.1242/jeb.243934

27. Teulier L, Weber JM, Crevier ], Darveau CA. Proline as a fuel for insect flight:
enhancing carbohydrate oxidation in hymenopterans. Proc R Soc B: Biol Sci (2016) 283
(1834):20160333. doi: 10.1098/rspb.2016.0333

Frontiers in Immunology

07

10.3389/fimmu.2023.1330312

28. Piyankarage SC, Augustin H, Featherstone DE, Shippy SA. Hemolymph amino
acid variations following behavioral and genetic changes in individual Drosophila
larvae. Amino Acids (2010) 38(3):779-88. doi: 10.1007/s00726-009-0284-1

29. Gonzalez-Santoyo I, Cordoba-Aguilar A. Phenoloxidase: a key component of
the insect immune system. Entomol Experimentalis Applicata (2012) 142(1):1-16.
doi: 10.1111/j.1570-7458.2011.01187.x

30. Galvan I, Jorge A, Edelaar P, Wakamatsu K. Insects synthesize pheomelanin.
Pigment Cell Melanoma Res (2015) 28(5):599-602. doi: 10.1111/pcmr.12397

31. Han Q, Fang J, Ding H, Johnson JK, Christensen BM, Li J. Identification of
Drosophila melanogaster yellow-f and yellow-f2 proteins as dopachrome-conversion
enzymes. Biochem ] (2002) 368(Pt 1):333-40. doi: 10.1042/bj20020272

32. Vasiliou V, Ross D, Nebert DW. Update of the NAD(P)H:quinone
oxidoreductase (NQO) gene family. Hum Genomics (2006) 2(5):329-35.
doi: 10.1186/1479-7364-2-5-329

33. Bauer H, Kanzok SM, Schirmer RH. Thioredoxin-2 but Not Thioredoxin-1 Is a
Substrate of Thioredoxin Peroxidase-1 from Drosophila melanogaster. J Biol Chem
(2002) 277(20):17457-63. doi: 10.1074/jbc.M200636200

34. Parkhitko AA, Jouandin P, Mohr SE, Perrimon N. Methionine metabolism and
methyltransferases in the regulation of aging and lifespan extension across species.
Aging Cell (2019) 18(6):e13034. doi: 10.1111/acel.13034

35. Sadiku P, Willson JA, Ryan EM, Sammut D, Coelho P, Watts ER, et al.
Neutrophils fuel effective immune responses through gluconeogenesis and
glycogenesis. Cell Metab (2021) 33(2):411-423.e4. doi: 10.1016/j.cmet.2020.11.016

36. Yamada T, Habara O, Kubo H, Nishimura T. Fat body glycogen serves as a
metabolic safeguard for the maintenance of sugar levels in Drosophila. Development
(2018) 145(6):dev158865. doi: 10.1242/dev.158865

37. Nappi AJ, Vass E. Hydrogen peroxide production in immune-reactive
Drosophila melanogaster. ] Parasitol (1998) 84(6):1150. doi: 10.2307/3284664

38. Wu S, Yin S, Zhou B. Molecular physiology of iron trafficking in Drosophila
melanogaster. Curr Opin Insect Sci (2022) 50:100888. doi: 10.1016/
j.€0is.2022.100888

39. Tatsenko I, Marra A, Boquete JP, Pena J, Lemaitre B. Iron sequestration by
transferrin 1 mediates nutritional immunity in Drosophila melanogaster. Proc Natl
Acad Sci (2020) 117(13):7317-25. doi: 10.1073/pnas.1914830117

40. Handke B, Poernbacher I, Goetze S, Ahrens CH, Omasits U, Marty F, et al. The
hemolymph proteome of fed and starved Drosophila larvae. PloS One (2013) 8(6):
€67208-8. doi: 10.1371/journal.pone.0067208

frontiersin.org


https://doi.org/10.1371/journal.pone.0102568
https://doi.org/10.1371/journal.ppat.1005746
https://doi.org/10.1186/s12915-015-0193-6
https://doi.org/10.15252/embj.2020104486
https://doi.org/10.7554/eLife.54818
https://doi.org/10.1016/j.molcel.2019.06.039
https://doi.org/10.1111/j.1365-2443.2005.00883.x
https://doi.org/10.1038/s42255-022-00550-8
https://doi.org/10.1534/genetics.109.100677
https://doi.org/10.1021/bi00859a046
https://doi.org/10.1242/jeb.243934
https://doi.org/10.1098/rspb.2016.0333
https://doi.org/10.1007/s00726-009-0284-1
https://doi.org/10.1111/j.1570-7458.2011.01187.x
https://doi.org/10.1111/pcmr.12397
https://doi.org/10.1042/bj20020272
https://doi.org/10.1186/1479-7364-2-5-329
https://doi.org/10.1074/jbc.M200636200
https://doi.org/10.1111/acel.13034
https://doi.org/10.1016/j.cmet.2020.11.016
https://doi.org/10.1242/dev.158865
https://doi.org/10.2307/3284664
https://doi.org/10.1016/j.cois.2022.100888
https://doi.org/10.1016/j.cois.2022.100888
https://doi.org/10.1073/pnas.1914830117
https://doi.org/10.1371/journal.pone.0067208
https://doi.org/10.3389/fimmu.2023.1330312
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	How to eliminate pathogen without killing oneself? Immunometabolism of encapsulation and melanization in Drosophila
	Introduction
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


