
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

McMullen et al. Cell Communication and Signaling          (2024) 22:203 
https://doi.org/10.1186/s12964-024-01575-0

Background
Immune response is a highly energy demanding pro-
cess, requiring an efficient and rapid supply of nutrients 
to immune cells. Upon activation, immune cells increase 
their metabolic demand, more than doubling their glu-
cose consumption [1]. This requires a systemic metabolic 
shift to ensure the immune system has sufficient energy 
to overcome the infection [2]. According to the concept 
of selfish immunity, resources can be redirected to the 
immune system by inducing insulin resistance in non-
immune tissues [3]. Insulin resistance is predominantly 
studied in a pathological context [4, 5] and its adaptive 
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Abstract
Background The metabolically demanding nature of immune response requires nutrients to be preferentially 
directed towards the immune system at the expense of peripheral tissues. We study the mechanisms by which this 
metabolic reprograming occurs using the parasitoid infection of Drosophila larvae. To overcome such an immune 
challenge hemocytes differentiate into lamellocytes, which encapsulate and melanize the parasitoid egg. Hemocytes 
acquire the energy for this process by expressing JAK/STAT ligands upd2 and upd3, which activates JAK/STAT 
signaling in muscles and redirects carbohydrates away from muscles in favor of immune cells.

Methods Immune response of Drosophila larvae was induced by parasitoid wasp infestation. Carbohydrate levels, 
larval locomotion and gene expression of key proteins were compared between control and infected animals. Efficacy 
of lamellocyte production and resistance to wasp infection was observed for RNAi and mutant animals.

Results Absence of upd/JAK/STAT signaling leads to an impaired immune response and increased mortality. We 
demonstrate how JAK/STAT signaling in muscles leads to suppression of insulin signaling through activation of ImpL2, 
the inhibitor of Drosophila insulin like peptides.

Conclusions Our findings reveal cross-talk between immune cells and muscles mediates a metabolic shift, 
redirecting carbohydrates towards immune cells. We emphasize the crucial function of muscles during immune 
response and show the benefits of insulin resistance as an adaptive mechanism that is necessary for survival.
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function during the acute immune response is largely 
unexplored [6].

We examine the mechanisms that facilitate the redistri-
bution of nutrients during infection of Drosophila mela-
nogaster by parasitoid wasp Leptopilina boulardi and 
how this metabolic shift is essential for effective immune 
response. Leptopilina boulardi lay their eggs inside Dro-
sophila in the early third instar larval stage [7]. Upon 
recognition of the wasp egg, hemocytes, Drosophila 
immune cells, differentiate into lamellocytes, only during 
immune response, which encapsulate and melanize the 
wasp egg [8]. If successful immune response is mounted, 
the Drosophila will pupate and reach adulthood without 
major setbacks; however, if it is insufficient the parasitoid 
larva will continue to grow and kill the Drosophila larvae.

The primary objective of Drosophila larvae is to feed 
and grow; meaning metabolites are supplied to develop-
ing tissues, such as muscles as well as the fat body, the 
Drosophila equivalent of the liver and adipose tissue. 
However, upon infection, as metabolic demand increases 
in the immune system, carbohydrates are directed away 
from peripheral tissues in favor of immune cells [2, 9]. 
This requires the regulation of metabolic signaling on an 
organismal level and cross talk between different organs 
and tissues to coordinate nutrient supply. Previous stud-
ies have shown that expressions of cytokines unpaired 2 
(upd2) and unpaired 3 (upd3) are upregulated within a 
few hours in hemocytes of infected larvae [10]. Through 
binding to the domeless receptor, upd ligands activate 
JAK/STAT signaling in muscles, which is required for 
the differentiation of lamellocytes and efficient immune 
response to parasitoid wasps. JAK/STAT signaling is a 
highly conserved regulator of immune response [11, 12], 
and has been shown to have important immunological 
and metabolic roles throughout the body, including the 
muscle, fat body and gut [12].

JAK/STAT signaling is known to play an important 
role in metabolic regulation and growth [13]; it has also 
been shown to suppress insulin signaling in contexts 
such as host wasting in cancer models [14]. Therefore, 
we hypothesized that the release of upd cytokines from 
hemocytes during wasp infection can suppress insulin 
signaling in muscles, thereby reducing their nutrient con-
sumption, leaving more nutrients available for immune 
response. Both JAK/STAT and insulin signaling are 
required in muscles during larval development for proper 
feeding and consequently effective immune response 
[11]. However, the interaction between JAK/STAT and 
insulin signaling during infection has not been firmly 
established. Here we show that upd2 and upd3 activate 
JAK/STAT signaling and suppress insulin signaling in 
muscles, as demonstrated by a reduction in muscle glyco-
gen stores. Absence of upd2 or upd3 significantly impairs 
immune response; likewise, muscle specific knockdown 

of STAT92E results in insufficient lamellocyte production 
and decreased survival.

JAK/STAT signaling directly induces the expression of 
Ecdysone-inducible gene L2 (ImpL2), an insulin bind-
ing protein [15, 16]. We illustrate that, as is the case with 
adult Drosophila, ImpL2 plays an important role in the 
cross-talk between immune cells and the periphery, in 
terms of nutrient distribution during immune response 
[6]. In the case of this manuscript, we focus on the com-
munication that takes place between muscle tissue and 
the immune system. Silencing of ImpL2 in muscles nega-
tively impacts immune response, while overexpression of 
ImpL2 in muscles offers a partial rescue in lamellocyte 
production and larval survival in upd mutants.

Previous studies have showed the role of the upd/JAK/
STAT axis in certain pathologies such as host wasting in 
cancer [14]. Here, we show the importance of this mech-
anism in immune response. We shed light on the cross-
talk that occurs between the immune system and muscles 
during immune response. We demonstrate the suppres-
sion of insulin signaling in muscle tissue during infesta-
tion allows for the redirection of carbohydrates away 
from muscles through the ‘selfish signaling’ of immune 
cells. This prioritization of the immune system is funda-
mental for Drosophila survival.

Methods
Fly stocks
Fly stocks were maintained at room temperature, crosses 
were performed at 18  °C and transferred to 25  °C 24  h 
prior to infection. All experiments we performed on male 
larvae.

Flies were raised of a diet of cornmeal (80  g/l), agar 
(10  g/l), yeast (40  g/l), saccharose (50  g/l) and 10% 
methylparaben.

For selected experiments, larvae were transferred to 
a high carbohydrate diet: (80  g/l), agar (10  g/l), yeast 
(40  g/l), glucose (180  g/l) and 10% methylparaben at 
point of infection.

Following fly stocks were obtained from Bloomington 
stock center:

w1118, w1118 upd2Δ (BL55727), w1118 upd3Δ (BL55728), 
w1118 upd2/3Δ (BL55729), Stat92EdRNA: P{UAS-Stat92E.
RNAi}1 (BL26899), ImpL2dsRNA: P{TRiP.HMC03863}
attP40 (BL55855), InRDN: P{UAS-InR.K1409A}3 
(BL8253), Muscle driver: P{GawB}how[24B] (BL1767), 
w1118; P{w[+ mC] = tubP-GAL80[ts]}2 (BL7017) was 
recombined with P{GawB}how[24B], eGFP: y[1] sc[*] v[1] 
sev[21]; P{y[+ t7.7] v[+ t1.8] = VALIUM20-EGFP.RNAi.1}
attP2 (BL41556).

ImpL2s.UAS: UAS-ImpL2 (UAS-s.ImpL2; FBal0249386) 
was gift from Dr. Hugo Stocker.
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Primers stocks

Ilp2 Forward  T C C C G T G A T 
T C C A C A C A A 
A G C

Ilp2 Reverse  C A G G A A A 
G A G G G C 
A C T T C G C

Ilp3 Forward  G T C C A G G C C 
A C C A T G A A G 
T T G T G C

Ilp3 Reverse  C T T T C C A 
G C A G G G A 
A C G G T C T 
T C G

Ilp5 Forward  T G T T C G C C A 
A A C G A G G C A 
C C T T G G

Ilp5 Reverse  C A C G A T T 
T G C G G C A 
A C A G G A G 
T C G

Ilp6 Forward  T G C T A G T C C T 
G G C C A C C T T 
G T T C G

Ilp6 Reverse GGAAATA-
CATCGC-
CAAGGGC-
CACC3

ImpL2 Forward  T T C G C G G T T 
T C T G G G C A 
C C C

ImpL2 Reverse  G C G C G T C 
C G A T C G T C 
G C A T A

ImpL2-RA Forward  G T G C C A A C G 
A A G C T T C G A 
G T G

ImpL2-RA/RB 
Reverse

 G C G T G G C 
T T C T C C T C 
C T C C

ImpL2 RB Forward  G T C G T C G G 
A A A G G A T A C 
C G C

STAT Forward  C C T G G T A T G 
C T C T G C C T T 
T A T C

STAT Reverse  G A C T G T G 
G G T G G A T T 
G T T G T

4EBP Forward  T G A T C A C C A 
G G A A G G T T G 
T C A T C T C

4EBP Reverse  G A G C C A C 
G G A G A T T 
C T T C A T G A 
A A G

Rp49 Forward  A A G C T G T C G 
C A C A A A T G 
G C G

Rp49 Reverse  G C A C G T T 
G T G C A C C 
A G G A A C

Wasp infection
In all situations, cages containing approximately 200 vir-
gin females and 100 males were allowed to lay eggs for 
4 h at 25 °C. Food plates containing embryos were incu-
bated at 18 °C for 72 h before being transferred to 25 °C 
for 18  h. This was to restrict the induction of the Gal4 
until late second instar larval phase, therefore circum-
venting any adverse effects during development. Early 
third instar larvae were transferred to a fresh food plate 
and Leptopilina boulardi were introduced. For high car-
bohydrate diet experiments, larvae were transferred to 
a high carbohydrate food plate at the point of infection. 
Wasps were allowed to infect for 40 to 45 min for stan-
dard infections and 15 to 20  min for weak infections. 
Wasps were then removed and infected larvae were incu-
bated at 25 °C for a further 18 h.

Hemocyte count
Hemocytes counts were performed either 22 or 26 h post 
infection (hpi). Individual third instar larvae were placed 
in 15  µl of PBS (Phosphate-buffered saline) and the 

cuticle was pierced using forceps to allow hemolymph to 
efflux. 10 µl of the hemolymph PBS mix was transferred 
to a hemocytometer (Neubauer). Samples were imaged 
using Leica ICC50 W (Leica, ICC50 W). Hemocytes that 
lay within the gridded area were counted, plasmatocytes 
and lamellocytes were differentiated by morphology. The 
total number of hemocytes per larvae was calculated. 
Difference between the genotypes was assessed using a 
one-way ANOVA.

Resistance
Resistance to wasp infection was discerned by determin-
ing the viability of the Drosophila larvae or Leptopilina 
boulardi larvae. After weak infections, Drosophila larvae 
were left to pupate at 25  °C. Pupae were then dissected 
using forceps in PBS. The number of wasp larvae and 
melanized wasp eggs were counted in each larvae. Mela-
nized eggs or the presence of a dead wasp indicated an 
effective immune response and therefore likely survival 
of the Drosophila larvae. Live wasp larvae suggest the 
Drosophila larvae were unable to overcome infection 
and were out competed by Leptopilina boulardi. Statisti-
cal difference between genotypes was determined using a 
one-way ANOVA.

Analysis of metabolite levels: (glucose GO kit)
30 third instar larvae were collected on ice, the cuticle 
was punctured using forceps and the hemolymph was 
transferred to a 1.5  ml Eppendorf tube containing 148 
µL of 1x PBS. Tubes were centrifuged at 460 g, 4  °C for 
5  min. Supernatant was transferred to fresh Eppendorf 
tube and hemolymph was heat-inactivated at 70  °C for 
15 min to degrade proteins. The hemolymph was centri-
fuged at 15 000 g, 4 °C for 7 min and the supernatant was 
transferred and used for carbohydrate measurements. 
Glucose levels were obtained using a Glucose (GO) assay 
kit (Sigma-Aldrich) per manufacturer’s instructions. Tre-
halose measurements were determined by adding treha-
lase (Sigma-Aldrich) to samples and incubating for 20 h 
at 37  °C prior to measuring absorbance. Glycogen mea-
surements were acquired from muscles of seven third 
instar larvae. The muscles attached to the cuticle of the 
animal were removed using forceps and added to a 1.5 ml 
Eppendorf tube containing 100 µL of 1x PBS. The tissue 
was homogenized and the centrifugation and heating 
steps were performed as for the hemolymph. Amyloglu-
cosidase (Sigma-Aldrich) was added to each sample prior 
to incubation. Difference between the control and null 
mutants was assessed using a one-way ANOVA.

FIM imaging
Larval locomotion was analyzed using frustrated total 
internal reflection (FTIR) -based imaging- method (FIM) 
[17]. 10 third instar larvae were placed on an agar plate 
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using a PBS soaked brush, following this larvae were 
recorded for 2 min 30 s at 10 frames per second. Track-
ing data was obtained using FIMTrack_v3.1.32.3 (http://
fim.uni-muenster.de 64) and analyzed using FIManalyt-
ics v0.10.1.2 and Excel. Statistical analysis was performed 
using FIManalytics and differences between genotypes 
were determined by a Mann-Whitney-U test. All experi-
ments were conducted at room temperature. Accu-
mulated distance is defined as the total length of larval 
trajectories per minute.

Relative gene expression by qPCR
The muscle tissue (attached to the cuticle) of seven third 
instar larvae were dissected in PBS then homogenized in 
TRIzol reagent (Ambion). RNA isolation was performed 
using a Direct-zol RNA MicroPrep assay kit per manu-
factures instructions (ZYMO Research). Reverse tran-
scription was carried out using PrimeScript RT Reagent 
Kit (TaKaRa) following manufactures instruction. mRNA 
expression for genes of interest were measured on FX 
1000 Touch Real-Time Cycler (Bio-Rad) under the fol-
lowing conditions: 3  min denaturation at 95  °C, 15  s 
amplification at 94 °C, 15 s at 57 °C, 15 s at 72 °C for 40 
cycles; melting curve analysis performed at 57–95  °C/
step 0.5 °C. Data was analyzed using double delta Ct anal-
ysis, expression was normalized to Ribosomal protein 
49 (RpL32) expression. Relative expression of the target 
genes is presented as a fold change, with the control arti-
ficially set to 1. Difference between the control samples 
and mutants/knockdowns was assessed using ordinary 
one-way ANOVA.

Bulk RNAseq analysis
Bulk RNAseq analysis was performed as described previ-
ously (preprint: Kazek et al., 2023).

Results
Carbohydrate levels change upon infection
As seen in our previous work [2], in the wild type situ-
ation, upon infection, circulating trehalose levels drop 
(Fig. 1A) as trehalose is broken down into glucose mol-
ecules. Glycogen stores in muscles are also reduced 
(Fig.  1C), as carbohydrates are directed away from 
muscles in favor of the immune system. This leads to an 
increase in glucose levels as the animals reach a state of 
hyperglycemia offering a readily available energy source 
for hemocytes (Fig.  1B). Prioritization of the immune 
system in this manner leads to a developmental delay of 
the larvae, as well as a decreased movement (Fig. 1D), as 
muscles have less energy to function. However, in upd 
mutants, this upd mediated metabolic shift is absent, 
therefore energy sources are not reallocated from mus-
cles to the same extent, resulting in no significant reduc-
tion in either circulating trehalose (Fig.  1A) or muscle 
glycogen levels (Fig.  1C). This is further demonstrated 
by the fact that infected upd mutant animals grow and 
move at the same rate as their uninfected counterparts 
(Fig.  1D). Interestingly upd mutant animals have lower 
circulating glucose levels compared to control animals, 
but glucose levels still increase upon infection (Fig. 1B). 
Decrease in muscle glycogen stores and an increase in 
glucose in the circulation in wildtypic animals dem-
onstrates the metabolic shift that occurs during infec-
tion. The absence of such change in unpaired mutants 

Fig. 1 In upd mutants carbohydrates are not redirected away from muscles upon infection. A: Comparison of circulating trehalose levels of control 
animals and upd mutants in non-infected and infected conditions (N = 2, n = 6). B: Circulating glucose levels of upd mutants compared to controls in 
non-infected and infected larvae (N = 2, n = 6). C: Level of glycogen stores in muscle tissue in non-infected and infected animals (N = 2, n = 6). D: Larval 
locomotion: Accumulated distance traveled by control animals and upd3 mutants, with and without infection (N = 2–3, n = 18–24). A-C: Bars represent 
mean values, dots represent biological replicates. D: boxes represent mean values, dots represent individual larvae. ns: no significant difference, * p ≤ 0.05, 
** p ≤ 0.01, **** ≤ 0.0001. N represents individual experiments, n represents biological replicates
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emphasizes the importance of this signal to mediate this 
redirection of energy during immune response.

upd2 and upd3 play a key role in immune response
Unpaired cytokines are responsible for the initiation of 
JAK/STAT signaling by binding to the domeless recep-
tor [18]. Loss of upd2 or upd3 leads to impaired lamel-
locyte production and therefore an inadequate immune 
response to wasp infection [10] (Fig. 2A). This results in 
a reduced survival rate of the Drosophila larvae (Fig. 2B), 
as there are insufficient lamellocytes to encapsulate and 
melanize the wasp egg. As such, the wasp larvae outcom-
petes the Drosophila and continues to develop and grow, 
eventually killing the Drosophila larvae and emerging 
from the Drosophila pupal case. We show that upd2 and 
upd3 are necessary for sufficient lamellocyte production; 
without which immune response is severely diminished, 
as is the survival rate of the Drosophila larvae.

Glucose supplementation ameliorates impaired immune 
response
The introduction of a high carbohydrate diet partially 
rescues lamellocyte differentiation and resistance against 
wasp infection seen in updΔ animals. When updΔ larvae 
are transferred to a diet supplemented with 10% glucose 
at the point of infection, they are able to produce more 
lamellocytes than those on a standard diet (Fig. 2C). This 
data shows that adequate access to nutrients is essential 
for effective immune response.

JAK/STAT signaling in muscles is necessary to mediate 
immune response
As loss of upd results in an inadequate immune response, 
we investigated whether disrupting JAK/STAT signaling 
by other means would have a similar affect. By utiliz-
ing the Gal4 UAS Gal80 system (thermosensitive Gal80 
inhibiting Gal4), we performed muscle specific knock-
down of STAT in the muscles of late second instar lar-
vae, just prior to infection. This allowed us to circumvent 
issues that occur by knocking down STAT throughout 
development [11]. Knock down of STAT in muscle tis-
sues, by RNAi, phenocopies the reduction in lamellocyte 
number seen in upd null mutants (Fig. 3A). With fewer 
lamellocytes STAT knock down animals befall a similar 
fate to updΔ animals, as survival post infection is greatly 
reduced compared to the eGFP controls (Fig.  3B). This 
gives further evidence of the importance of upd/JAK/
STAT signaling in immune response and shows that this 
signal is essential specifically in muscles.

Hematopoiesis is not affected by upd/JAK/STAT 
manipulation
Despite the striking difference in lamellocyte production 
observed in the multiple genetic manipulations of the 
upd/JAK/STAT signaling pathway we see no such change 
in plasmatocytes number (Figure S1A-F). This strongly 
suggests that disruption of upd/JAK/STAT signaling lim-
its only the differentiation into lamellocytes rather than 
hematopoiesis itself, as there is insufficient energy allo-
cated to the immune system during wasp infection.

Fig. 2 The role of upd in immune response. A: Lamellocyte number in upd mutants compared to control animals (N = 3, n = 46–99), each dot represents 
number of lamellocytes in an individual larva. B: Resistance to wasp infection (N = 3, n = 43–45). The presence of a melanized wasp egg or dead wasp larva 
indicates resistance to wasp infection. There is a significant difference in number of surviving Drosophila larvae between upd3Δ and control and upd2/3Δ 
and control animals (p = ≤ 0.0001). The resistance of upd3Δ and upd2/3Δ on a high carbohydrate diet (HC) increased significantly compared to those same 
larvae on a standard food diet (p = ≤ 0.01) however the resistance to wasp infection did not reach the levels of control larvae. C: Lamellocyte number in 
upd mutants on high carbohydrate food (N = 3, n = 56–86), each dot represents number of lamellocytes in an individual larvae. **** ≤ 0.0001. N represents 
individual experiments, n represents biological replicates
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Fig. 3 (See legend on next page.)
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Insulin signaling in muscles is essential for effective 
immune response
To determine whether the diminished immune response 
observed in upd3Δ and upd2/3Δ animals was, in fact, due 
to insulin signaling we looked at the expression of FOXO 
target Thor in the muscle tissues of these larvae. FOXO is 
a known regulator of insulin signaling [19]; therefore, we 
used Thor levels as a read out to see whether insulin sig-
naling in muscles is altered upon infection. An increase in 
Thor indicates repressed insulin signaling. As expected, 
the relative expression of Thor significantly increases in 
control animals, indicating an increase in FOXO signal-
ing upon infection (Fig. 3C). This is likely due to suppres-
sion of insulin signaling in muscles, as a means to divert 
metabolites away from muscles in favor of the immune 
system as metabolic demand increases during infection. 
However, we observed no such increase in Thor in upd 
null mutants (Fig.  3C), as the signaling to mediate this 
metabolite diversion is silenced. These results suggest 
that insulin signaling plays a role in metabolic regulation 
during infection.

Expression of InRDN can overcome loss JAK/STAT signaling 
in terms of immune response
We showed that expression of Thor is increased upon 
infection, which indicates a link to insulin signaling. We 
propose that upd/JAK/STAT signaling regulates insulin 
signaling in muscles during infection, which in turn is 
vital for effective immune response. Blocking this signal 
by knockout of upd or knockdown of JAK/STAT results 
in a limited immune response, therefore we wanted to 
see if we could rescue immune response by suppress-
ing insulin signaling through other means. To do so we 
expressed InRDN, the dominant negative version of insu-
lin receptor, in muscle tissues of upd null mutants, again 
using Gal4 UAS Gal80 system to induce expression just 
prior to infection. We show that suppression of insu-
lin signaling in muscles by the expression of InRDN can 
rescue the reduction in lamellocyte number seen in upd 
null mutants (Fig. 3D) and consequently survival rates of 
these animals (Fig. 3E). The expression of InRDN in con-
trol animals however results in reduced lamellocyte dif-
ferentiation, and therefore, resistance to wasp infestation 

(Fig. 3D and E). Upon infection Thor expression increases 
significantly as metabolic demand increases and more 
energy is required to mount an immune response. 
Together, these results suggest suppression of insulin sig-
naling in peripheral tissues, such as muscles, is necessary 
to facilitate metabolic reprograming during infection.

Suppression of insulin signaling is not due to lower Ilp 
expressions
Drosophila insulin-like peptides (Ilps) play a role in many 
functions of development, growth and ageing, especially 
in terms of metabolic regulation [20, 21]. Therefore, we 
looked how levels of specific Ilps change due to infection. 
We measured the expression of Ilp2, Ilp3 and Ilp5 in the 
brains of larvae 28 hpi (Figure S2 A) and Ilp6 in the fat 
body of these same larvae (Figure S2 B). Upon infection 
the expression of Ilp3 and Ilp5 increase significantly, with 
Ilp2 also following that trend (Figure S2 A). Likewise, 
expression of Ilp6 in the fat body tissue increases after 
infection (Figure S1 B). Based on this we suggested that 
the metabolic changes that we observe during infection 
are due to insulin resistance in peripheral tissues, such as 
muscles, rather than an insulin deficiency.

Expression of ImpL2 in muscles is necessary for immune 
function
JAK/STAT signaling has been shown to directly trigger 
the expression of ImpL2 [15, 16]. The Ecdysone-induc-
ible gene was shown to regulate systemic metabolism by 
reducing systemic insulin signaling [22]. To explore the 
relationship of ImpL2 in our system we knocked down 
ImpL2 in a muscle specific manner using RNAi. As pre-
dicted, loss of ImpL2 in muscles lead to a reduction in 
lamellocyte production compared to control animals 
(Muscle > eGFPdsRNA) (Fig.  4A). As a result, the survival 
rate of these Drosophila larvae was also impacted, with 
fewer Drosophila successfully overcoming the wasp inva-
sion (Fig. 4B).

To consider the link between upd and ImpL2 we looked 
at how expression levels of ImpL2 change upon infec-
tion in muscles. In the wild type situation levels of both 
ImpL2 RA (Fig.  4C) and ImpL2 RB (Fig.  4D) increase 
upon infection as more ImpL2 is produced in order to 

(See figure on previous page.)
Fig. 3 JAK/STAT signaling in muscles is mediated by insulin signaling. A: Number of lamellocytes in control and Stat92EdsRNA animals (N = 3, n = 58–59), 
dots represent the number of lamellocytes of individual larvae. B: Comparison of resistance to wasp infection between control and Stat92EdsRNA animals 
(N = 3, n = 43–55), the statistical difference in number of surviving Drosophila larvae (melanized wasp eggs + dead wasp larvae) between the two geno-
types p = ≤ 0.0001. C: Relative expression of Thor in non-infected and infected control and upd mutant animals (n = 5), bars represent mean values with 
each dot showing a biological replicate. D: Lamellocyte number of upd3 mutant animals and animals of the same genetic background expressing InRDN 
specifically in muscles as well as W1118 > InRDN and Muscle > InRDN animals (N = 3, n = 97–133), dots represent the number of lamellocytes of individual 
larvae. E: Comparison of wasp resistance between upd3 animals with and without the expression of InRDN in muscles and InRDN expressed in control 
animals, statistical difference in number of surviving Drosophila larvae p = ≤ 0.0001; statistical difference of melanized wasp eggs between W1118 > InRDN 
and Muscle > InRDNp = ≤ 0.01 (N = 3, n = 46–49). F: Relative expression of Thor in non-infected and infected control animals and upd mutants expressing 
InRDN in muscles (n = 5), bars represent mean values with each dot showing a biological replicate. ns: no significant difference, * p ≤ 0.05, **** ≤ 0.0001. N 
represents individual experiments, n represents biological replicates
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reduce insulin signaling and therefore free up metabo-
lites that can be directed towards the immune system. 
However, no such increase is observed in updΔ animals 
(Fig. 4C and D). Additionally, expression of ImpL2 actu-
ally decreases upon infection in hemocytes (Figure S2 

C). This supports our previous findings that the ‘selfish’ 
immune signal, and therefore metabolic shift upon infec-
tion, is not occurring to the same extent in updΔ larvae. 
Moreover, these results highlight that release of ImpL2 
from muscles plays a role in immune response.

Fig. 4 ImpL2 mediates suppression of insulin signaling. A: Lamellocyte number in animals with muscle specific knockdown or ImpL2dsRNA compared to 
eGFPdsRNA controls and and Muscle > ImpL2dsRNA InRDN animals 22 hpi (N = 3, n = 45–80), each dot represents a single larva. B: Percentage of viable Dro-
sophila and wasp larvae in Muscle > eGFPdsRNA, Muscle > ImpL2dsRNA and Muscle > ImpL2dsRNA InRDN animals after wasp infection (N = 3, n = 51–55), there is 
no significant difference between number of surviving Drosophila larvae in Muscle > eGFPdsRNA and Muscle > ImpL2dsRNA, InRDN; the number of melanized 
wasps in Muscle > ImpL2dsRNA is significantly fewer (p = ≤ 0.0001) than the other genotypes. C: Expression of ImpL2 RA in control and upd animals with 
and without infection (n = 5), bars represent the mean values, each dot represents a biological replicate. D: Expression levels of ImpL2 RB with and without 
infection in control and upd animals (n = 5), bars represent the mean values, each dot represents a biological replicate. E: Number of lamellocytes in upd3 
animals with (upd3Δ, Muscle > ImpL2) and without (upd3Δ, W1118 > ImpL2) the overexpression of ImpL2 in muscle tissue (N = 3, n = 53–58), each dot 
represents a single larva. F: Resistance to wasp infection of upd3Δ, W1118 > ImpL2 and Muscle > upd3Δ, Muscle > ImpL2 animals (N = 3, n = 53), p = 0.0283 
for the difference between number of surviving Drosophila larvae. ns: no significant difference, *** p ≤ 0.001, **** ≤ 0.0001. N represents individual experi-
ments, n represents biological replicates
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Expression of InRDN rescues impaired immune response in 
ImpL2 knockdown animals
As expression of InRDN in the muscle of upd null mutants 
was able to improve immune response, and survival, we 
wanted to see if the same could be achieved in ImpL2 
knockdown animals. Therefore, we simultaneously sup-
pressed ImpL2 in muscles, while also expressing InRDN. 
In this situation we saw a significant increase in lamello-
cyte production in Muscle > ImpL2dsRNA; InRDN animals 
compared to Muscle > ImpL2dsRNA animals (Fig.  4A). 
This is reflected in a higher survival rate, similar to the 
rate observed in control animals (Muscle > eGFPdsRNA) 
(Fig. 4B). This shows that the suppression of insulin sig-
naling in muscles via ImpL2 expression is indeed a key 
regulator of immune response.

Over expression of ImpL2 in muscles offers improved 
immune response in upd mutants
Knock down of ImpL2 in muscles leads to a reduction 
in lamellocyte number and chance of survival. Our pre-
vious results suggest that upd executes its function via 
the induction of ImpL2 in muscles; which is missing in 
updΔ larvae. Therefore, we wanted to see what happens 
if we overexpress ImpL2 in updΔ animals. By express-
ing ImpL2 in the background of upd3Δ animals, we see 
a partial rescue in lamellocyte number as well as survival 
rate compared to upd3Δ which do not express ImpL2 
(upd3Δ, w1118 > ImpL2) (Fig.  4E and F). This shows the 

importance of ImpL2 signaling in muscles as a regulator 
of immune response.

Discussion
The health of any animal relies on many factors, includ-
ing the tight regulation of metabolic processes. Dis-
ruption in metabolic homeostasis can be detrimental, 
leading to reduced fitness and even death. Throughout 
the lifespan of an animal metabolic demand changes due 
to development, ageing or other challenges [2, 23]. Uti-
lizing the power of Drosophila and a parasitoid infec-
tion model, we unravel inter-organ communication that 
occurs between the immune system and muscles dur-
ing immune response. Here we show that the initiation 
of JAK/STAT signaling, by upd, in muscles leads to the 
suppression of insulin signaling during infection, which is 
essential for survival (Fig. 5).

Mounting an effective immune response is extremely 
costly in terms of energy. Therefore, suppression of sys-
temic metabolic processes, coupled with the reallocation 
of metabolites during infection is a conserved process 
across the animal kingdom [24]. In the case of parasitoid 
invasion in Drosophila larvae, nutrients are redirected 
away from non-immune tissues to provide energy for the 
activation and differentiation of immune cells [2]. Pro-
duction of lamellocytes is necessary for the encapsulation 
and neutralization of the invading wasp egg [25]. Without 

Fig. 5 Schematic representation of signaling pathway during infection. During infection, upd/JAK/STAT triggers the expression of ImpL2 in muscles lead-
ing to the local suppression of insulin signaling. This allows for the redirection of nutrients away from muscles, in favor of the immune system. Disruption 
in the upd/JAK/STAT signaling pathway, through genetic manipulation means insulin resistance in muscles does not occur and therefore the immune 
system does not acquire sufficient nutrients to mount an effective immune response

 



Page 10 of 13McMullen et al. Cell Communication and Signaling          (2024) 22:203 

sufficient lamellocytes, survival of the Drosophila is sig-
nificantly decreased.

Here, we give further insights into the metabolic repro-
gramming that occurs during infection, namely the sup-
pression of insulin signaling and redirection of energy 
stores away from muscles. This leads to an increase in 
circulating glucose levels and ultimately the utilization 
of these sugars by immune cells. Additionally, in infected 
animals circulating trehalose, the primary sugar in Dro-
sophila, is broken down into glucose, as a ready source 
of carbohydrates for immune cells. In combination, this 
provides sufficient fuel to the immune system to mount 
an effective immune response. However, this process of 
decreased carbohydrate supply to muscles leads to devel-
opmental delay [2] and reduction in movement of the lar-
vae; but ultimately causes no lasting consequences. We 
observed no decrease in circulating trehalose or muscle 
glycogen stores in upd mutants; however, there was still 
an increase in levels of circulating glucose in these ani-
mals. This is most likely due to the energy contribution 
from other non-immune tissues, such as the fat body, 
independent of JAK/STAT signaling [26]. For example, 
we previously showed that the glucose uptake and growth 
of imaginal discs is suppressed during infection by ade-
nosine signaling [2], which is intact in the upd mutants.

Such metabolic changes require the cross talk between 
the muscle tissue and the immune system, mediated by 
cell signaling. A promising candidate for such an inter-
action is JAK/STAT signaling. Previous studies have 
alluded to a link between JAK/STAT and insulin sig-
naling, however the exact mechanism at play during 
immune response has remained elusive [11]. By utilizing 
a ubiquitous Gal80 to suppress Gal4 expression during 
development, we were to gain greater understanding of 
the relationship between JAK/STAT and insulin signaling 
by looking at this interaction primarily during immune 
response. We show that JAK/STAT mediated insulin 
resistance in muscles is a key regulator of carbohydrate 
allocation during immune response. Blocking this signal, 
either through silencing of upd2 or upd3 ubiquitously, or 
specifically in muscles using STAT92EdsRNA, leads to a 
reduction in lamellocyte number and therefore survival 
of the larva, as the immune system does not receive suffi-
cient energy resources. The supplementation of glucose in 
the diet of upd mutants allows for the production of more 
lamellocytes and increased survival of Drosophila larvae 
(partial rescue), as more carbohydrates are available and 
can be utilized by the immune cells. Likewise, the expres-
sion of InRDN in the muscle tissue of upd mutants offers 
a rescue in both number of lamellocytes and resistance to 
parasitoid wasp. The addition of InRDN in these animals 
offers an alternative signal to suppress insulin signaling, 
therefore restoring the metabolic switch needed to fuel 
the immune system. Conversely, expression of InRDN 

in control larvae, i.e. without upd3 mutation, results in 
fewer lamellocytes and reduced survival. This aligns with 
the findings of Yang and Hultmark, that suppression of 
InR alone is not sufficient for effective immune response 
[11]. This could be explained by a leakage of InRDN 
expression, where Gal80 does not completely prevent 
early muscle-Gal4 expression; this, together with basal 
Upd3 expression throughout development, leads to this 
negative effect on the immune response, similarly to pre-
vious observations [11]. Alternatively, there is a delicate 
balance between insulin and JAK/STAT signaling during 
infection necessary for a proper immune response. Per-
haps by removing the Upd3 signal alone, the appropriate 
downregulation of insulin signaling is absent. Alterna-
tively, the effect of downregulating insulin signaling 
by expressing InRDN when the Upd3 signal is present is 
too strong, leading to an impaired immune response. It 
is also possible, only a wild-type situation, or simultane-
ous removal of the Upd3 signal with downregulation of 
insulin signaling by InRDN, provides an optimal response 
in muscle. Based on the diverse phenotypes when these 
two pathways intersect, we propose there is a complex 
balancing act where suppression of insulin signaling by 
InRDN is able to rescue the loss of upd signal, but alone it 
is detrimental to immune response.

Suppression of insulin signaling in tissues has been 
observed in pathologies, such as cancer [14, 27]. Here 
we demonstrate the importance of host mediated insu-
lin resistance as an adaptive mechanism, crucial for sur-
vival during infection. We show that JAK/STAT signaling 
in muscles, as initiated by upd cytokines, results in the 
suppression of insulin signaling within muscles. These 
findings show the benefits of the suppression of insulin 
signaling in selective tissues and emphasize that coordi-
nated insulin resistance is in fact advantageous.

Upd signaling is important for suppression of insu-
lin signaling in muscles. The release of upd from hemo-
cytes [11, 28] (Figure S2 C) provides further evidence 
of the selfish immune system. The theory of the selfish 
immune system was previously demonstrated by the 
release of adenosine from immune cells to obtain more 
nutrients [2]. Here we show the role of upd/JAK/STAT as 
another key mechanism to secure a metabolic advantage 
for the immune system. It appears that immune cells trig-
ger JAK/STAT mediated insulin resistance in muscles, 
thereby granting themselves privileged access to nutri-
ent supply. In the control situation, relative expression 
of the FOXO target Thor in muscles increases four fold 
in infected animals. However, no significant increase is 
observed in upd mutants after infection. When insulin 
signaling is diminished in muscles through the expression 
of InRDN in upd mutants basal Thor expression is consid-
erably higher than that of the control, increasing further 
in infected animals. This data supports previous findings 
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that Thor serves as a metabolic break during challeng-
ing conditions [29]. Although the expression changes we 
observed in FOXO target Thor are not exclusively caused 
by insulin signaling, this combined with direct manipula-
tion of insulin receptor itself provides solid evidence of 
the role of insulin signaling in immune response. We sug-
gest that upd2 and upd3 are key regulators in metabolic 
regulation in parasitoid infection, without which infected 
animals are unable to overcome this immune challenge.

We are confident that adequate supply of carbohy-
drates to the immune system is essential for successful 
immune response, as indicated by increased dietary car-
bohydrates resulting in an improved immune response. 
However, we cannot claim that suppression of insulin 
signaling in muscles leads to the liberation of carbo-
hydrate stores from muscles. It may simply be that this 
metabolic switch leads to a decreased uptake of carbohy-
drates by non-immune tissues such as muscles, as nutri-
ents are redirected to the immune system. Both scenarios 
would explain the observed reduction in glycogen stores 
we observed in muscles, as in the latter case the muscles 
would need to utilize their energy stores for continued 
function.

We shed more light on the role of IGFBP7 homolog 
ImpL2 during immune response. ImpL2 is a negative 
regulator of insulin signaling [22]. It has previously been 
shown that the hemocytes of adult Drosophila release 
ImpL2 as an immune response [6]. Additionally, tumor 
cells express ImpL2 to suppress insulin signaling in host 
tissues [14, 27]. Here we show that, in Drosophila larvae, 
activation of JAK/STAT signaling in muscles leads to the 
local expression of ImpL2, which in turn suppresses insu-
lin signaling. Expression of ImpL2 in muscles themselves 
facilitates the mobilization of nutrients to be utilized by 
the immune system as required. This is demonstrated by 
the suppression of ImpL2 in muscles, resulting in fewer 
lamellocytes, and thus decreased survival rate. On the 
other hand, when ImpL2 is over expressed in muscles of 
upd mutants there is a partial, yet significant rescue in 
both production of lamellocytes and resistance to wasp 
infestation. The increased expression of ImpL2 RA and 
ImpL2 RB upon infection in muscles of control animals 
is further evidence of the antagonistic role of ImpL2 in 
insulin signaling. As was observed in upd null mutants, 
muscle specific expression of InRDN leads to a rescue in 
both lamellocyte number and survival rate, once again 
demonstrating the role of ImpL2 in insulin resistance 
during infection. Our data indicates no transcript speci-
ficity, rather general expression of ImpL2 increase in 
muscles during infection. These findings also demon-
strate a novel mechanism of ImpL2 release from the 
muscles causing insulin resistance within the same tissue. 
Although we cannot exclude that ImpL2 has a systemic 
effect, by suppressing insulin signaling in other tissues, 

our results show that in terms of metabolic signaling dur-
ing immune response muscles do the heavy lifting.

Systemic changes in metabolism are important in times 
of nutrient scarcity or increased metabolic demand [30]. 
It is this ability to adapt that is crucial for survival. We 
demonstrate here how upd/JAK/STAT mediated meta-
bolic reprograming allows immune cells to preferential 
acquire carbohydrates during immune response. We also 
demonstrate the role of ImpL2 as a key player in regu-
lation of insulin signaling and mobilization of metabo-
lites during immune response. Moreover, we show that 
suppression of insulin signaling in muscles by upd/JAK/
STAT/ImpL2 signaling is a fundamental host response to 
immune challenge, without which the animal is unlikely 
to overcome the infection.

Conclusions
The work presented here demonstrates direct evidence 
of the adaptive role of JAK/STAT and insulin signaling 
in immune response. Beyond the role of JAK/STAT sig-
naling and insulin resistance, in pathologies such as can-
cer and diabetes, these evolutionary preserved signaling 
pathways are essential for the wellbeing of the organism. 
We present clear experimental evidence supporting the 
theoretical concept of the selfish immune system and 
unravel the underlying mechanisms that mediate meta-
bolic shift during immune response. During immune 
response, unpaired cytokine released from immune cells 
activate JAK/STAT signaling in muscles, leading to the 
expression of ImpL2. ImpL2 suppresses insulin signaling 
in muscles, thereby reducing carbohydrate metabolism, 
which is essential for adequate nutrient supply to immu-
nity during the response.
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Upd3Δ, W1118 > InRDN, Upd3Δ, Muscle > InRDN, W1118 > InRDN and Mus-
cle > InRDN (N = 3, n = 76–79). E: Muscle > eGFPdsRNA, Muscle > ImpL2dsRNA 
and Muscle > ImpL2dsRNA InRDN (N = 3, n = 48–71). F: Upd3Δ, W1118 > ImpL2 
and Upd3Δ, Muscle > ImpL2 (N = 3, n = 53–58). Each dot represents 
number of lamellocytes from an individual larva. There is no significant 
difference in the number of plasmatocytes. N represents individual experi-
ments, n represents biological replicates.

Supplementary Material 2: Supplementary Fig. 2 Expression of Ilps in 
the brain and fat body. A: Relative expression of Ilp2, Ilp3 and Ilp5 in the 
central nervous system of control and infected third instar larvae 28 hpi 
(n = 5). B: Comparative expression of Ilp6 in the fat body of control and 
infected animals (n = 5). C: Expression of upd2, upd3 and ImpL2 (bulk RNA-
seq) in hemocytes with and without infection, Y axis shows transcripts per 
million (TPM) (n = 6–10) D: Expression of STAT with and without infection 
in Muscle > eGFPdsRNA and Muscle > STAT92EdsRNA animals (n = 4–5). E: Lev-
els of ImpL2 in ImpL2 knockdown animals and controls with and without 
infection (n = 5). Bars represent mean values, dots represent biological rep-
licates. ns: no significant difference, ** p ≤ 0.01, *** p ≤ 0.001, **** ≤ 0.0001. 
N represents individual experiments, n represents biological replicates.
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