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Abstract　Objective  To study the trained immunity effect of Drosophila melanogaster at the individual and molecular level, 

and provide a basis for the follow-up in-depth study of the molecular mechanism of trained immunity using genetic tools available to 

Drosophila. Methods  Firstly, a germ-free Drosophila culture model was constructed. Subsequently, the Drosophila adult and cross-

developmental trained immunity models were constructed. Two Gram-negative bacteria, Erwinia carotovora carotovora 15 and 

Pseudomonas aeruginosa, were respectively used to infect Drosophila orally. With a repeated infection elicited after the first 

infection completely subsided, the effects of potential trained immunity is demonstrated by comparing the survival rate and bacterial 

load of Drosophila melanogaster during the two infection phases. The induction of immune deficiency (IMD) pathway by Gram-

negative bacteria as the expression level of corresponding innate immunity-related genes was detected by real-time quantitative PCR.

Results  The primary infection of during either adults or larva developmental stage can significantly improve the survival rate of 

secondary challenge. A higher bacterial clearance efficiency and maximum bacterial load of death is consistently observed after a 
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second infection. The basal expression of immune response genes in IMD signaling pathway is boosted prior to secondary infection 

than naive animal, explaining the molecular basis of gained infection resistance. Midgut is examined to be primary anatomic site of 

immune response, and the effects of secondary immunization were faster and more intense than those of primary infection. The 

numbers of intestinal stem cells in the midgut were significantly higher during the second infection compared with the first one.

Conclusion  A robust trained immunity in Drosophila melanogaster intestine can be triggered by oral infection of either 

homologous or heterologous Gram-negative bacteria, and the immunological memory can persist across developmental stages. It 

may act on chromatin and store immunologic memory at relevant gene loci through chromatin modifications. A potential way for the 

passage of immunologic memory across developmental stages is through JNK/STAT activation of intestinal stem cells, which may 

carry on the immune imprint from larval to adult developmental stages in the gut.

Key words　 Drosophila melanogaster, intestine, trained immunity, intestinal stem cells, antimicrobial peptides, immune 

deficiency signal pathway
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The authors dedicate this article in memory of Dr. Chen-Lu Tsou (1923-2006), a prominent protein 
biochemist, whose spirit will be cherished dearly by all whom had the privileges to be trained/influenced by him 
first hand. With no particular goal or aim back then, one of the authors (PENG Y) appreciates very much the 
“trained immunity” he got as a graduate student from Dr. Tsou’ s group in the late 1990s, at the Institute of 
Biophysics, Chinese Academy of Science. As one cannot foresee what circumstance he is going to encounter in a 
fast evolving world, Dr. Tsou had well prepared young students to become independent thinkers, fearless fighters, 
steady clutchers and last but not the least human beings with dignity and heart. Without those long lasting 
“trained immunity”, this article and many more other significant discoveries from the authors could not have been 
made possible.

In classical immunology, immune response can 
be roughly classified into innate immunity and 
adaptive immunity. The innate immunity response is 
rapid and nonspecific, which is mainly mediated by 
innate immune cells (such as bone marrow derived 
natural killer cells and congenital lymphocytes) as 
well as ancient humoral systems such as defensins and 
complements[1]. These immune cells are activated by 
recognizing pathogen-associated molecular patterns 
(PAMPs) and damage-associated molecular patterns 
(DAMPs) through pattern recognition receptors 
(PRRs) [2]. Adaptive immunity, on the other hand, 
demonstrates antigenic specificity and is mainly 
engaged by prior exposure to antigens. T lymphocytes 
and B lymphocytes are the major mediators of 
adaptive immunity, with their antigen specificity rests 
on the diverse immune reportorial generated through 
DNA recombination at T cell receptor (TCR) locus or 
immunoglobulin locus. After being stimulated, 
antigen recognizing lymphocytes get selectively 
activated in a period of a few days. While most 
activated immune effector cells die out after the 
infection, a small fraction of active, proliferated clone 
returns to immune quiescence by acquiring a so called 
“memory cell” fate. Such antigen specific memory 
cell is largely poised to be activated quickly upon 

antigen stimulation, distinct from the slow activation 
of naive T or B lymphocytes, therefore establishing an 
apparent immune memory. While immunologic 
memory is a major feature of adaptive immunity, its 
specificity rests mainly on available immunologic 
receptor and its effective memory retrieval via 
chromatin modifications on effector cells by a           
so-called “hit and run” mechanism[3-4].

While it has been firmly established that a 
memory like immune mobilization mechanism is 
beneficial to protect animals from repeated infections 
by pathogen, adaptive immunity has been long 
regarded as the sole keeper of such immunologic 
memory. On an evolutionary prospective, however, 
specialized lymphocyte based adaptive immunity is a 
relatively recent addition of pathogen resistance 
arsenal, appearing only in vertebrates. Closer 
examinations with invertebrates such as Drosophila 
melanogaster, Anopheles gambiae and Artemia, which 
lack adaptive immunity, reveal that a more potent 
immune response can frequently be found when they 
are infected with the same or different pathogens for 
the second time, indicating immunological memory 
might be hardwired in a much more ancient and 
universal manner[5-9]. At the same time, antigen 
nonspecific immunological modulation based on 
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previous infection was also discovered among 
vertebrates including humans. Studies have shown 
that Bacille Calmette-Guérin vaccine (BCG) can not 
only protect human against the infection of 
Mycobacterium tuberculosis, but also boost the 
survival rate of infants in general, and show non-
specific beneficial effects on other diseases or 
infections[10-12]. This effect is far beyond tuberculosis 
and cannot be explained by the principle of adaptive 
immunity[13-14]. In addition, similar phenomena were 
observed in the clinical trials of measles and hepatitis 
B vaccines[15]. This phenomenon of enhanced 
immunity through repeated homologous or 
heterologous infections as observed in many 
organisms is often characterized by high reactivity 
and rapid clearance to reinfection, was known as 
“innate immunity memory” or “trained 
immunity”[16-17]. A “trained immunity” boosting 
vaccine is also recently developed targeting 
hematopoietic stem cells and demonstrated promising 
efficacy as a cancer therapeutic adjuvant in animal 
model[18]. Therefore, better understanding how 
immunity memory is kept and elicited in trained 
immunity would help us tremendously for devising 
next generation vaccine against cancer or emerging 
infectious disease.

For in-depth mechanistic investigations, a well 
established trained immunity model system is 
preferred. Since all vertebrate models come with the 
complexity of a combinatory action of both innate 
immunity and adaptive immunity, we seek to explore 
trained immunity in an invertebrate system with 
minimal cellular complexity and plenty of genetic 
manipulative tools. Drosophila gut is by far one of the 
best well understood immunity barriers characterized 
in invertebrates. Similar to human[19], Drosophila host 
various symbiotic microbes in its gut, while its 
genetic circuitry of how various PRRs recognize 
bacteria derived PAMPs molecules to induce 
downstream Relish/IMP immune response has been a 
paradigm innate immunity discovery[20]. In addition, 
there are well characterized pathogens for Drosophila 
enteroinfection via oral-route. Such infections 
transiently disrupt gut barrier homeostasis similar to 
those in human, which is accompanied by the 
shedding of gut enterocytes by inflammation and 
compensatory proliferation of intestinal stem cells[21]. 
Since fly intestinal stem cell (ISC) is the only long 
lived stem/progenitor cell type in the gut[22] (deriving 

both types of mature cells of the gut—enterocytes 
(ECs) or enteroendocrine cells (EEs) in a manner 
highly parallel to its vertebrate counterparts), we 
speculate that ISC might hold the key immune 
memory if long lasting trained immunity can be 
demonstrated with enteroinfection.

In invertebrate such as Drosophila, humoral 
responses include the pro-phenoloxidase cascade, 
leading to the production of reactive oxygen species 
(ROS), and the production of antimicrobial peptides 
(AMPs) [23-24]. AMPs constitute one of the most 
important lines of defence against infection, which 
can be made locally at the site of infect as well as 
remotely by central humoral organs such as Fat body. 
The Toll signaling pathway and immune deficiency 
(IMD) signaling pathway are the main signaling 
cascade responsible for AMPs generation[25], triggered 
by fungi, Gram-positive or negative bacteria 
respectively. Prior evidence have shown that trained 
immunity is part of the innate immune response in 
invertebrates and can persist after the insect passes 
through metamorphosis stage[9, 26], but its potential 
occurrence and regulation mechanisms are still 
unclear. Researchers have proposed the following 
possible corresponding models for the way 
invertebrates respond to non-fatal infections[27-28]. The 
first is called “recall” phenomenon of immune 
memory, which can be divided into two situations. 
One is that when infected, the immune response is 
activated and the infection is cleared, resulting in 
increased responsiveness to subsequent homologous 
or heterologous infections. The other is to reduce the 
responsiveness to subsequent infections, which is to 
produce tolerance. In both cases, the main goal of 
establishing innate immune memory is to better 
protect and maintain the integrity of the body. In fact, 
enhanced reactivity can more effectively eliminate 
subsequent infection, while tolerance can limit the 
tissue to produce destructive sequelae or sustained 
immune activation. However, in the long term, this 
may also translate into decreased resistance to 
infection or increased side effects[29-30]. The second is 
called “immune transformation”, which mainly refers 
to the change of immune function in invertebrates 
when they are infected with homologous or 
heterologous secondary infection, that is, from an 
ordinary immune response to a more efficient immune 
response, so as to clear the infection more effectively. 
The third, called “sustained unique response”, refers 
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to the fact that in invertebrates, trained immunity after 
infection can lead to a long-term state of immune 
activation, which is further enhanced by secondary 
infection[31].

Trained immunity reveals an underappreciated 
pathway of the body’s immune response, manifested 
primarily by the memory characteristics of innate 
immune cells, and its study is of great significance as 
an important avenue for refining and developing 
classical immunology. Currently, scientists have put 
forward the opinion that most of the existing vaccines 
developed based on adaptive immunity have the 
advantages of strong specificity and disadvantages of 
being unable to be applied to the emerging, novel 
pathogens that have not yet emerged. Therefore, it is 
to the test of humans ingenuity to come up with 
effective vaccines prior to future global pandemic. 
Can a broad-spectrum vaccine based on trained 
immunity be developed as an alternative vaccination 
strategy[32]? In this study, we used Drosophila 
melanogaster as a model to investigate whether 
trained immunity might develop greater bacterial 
tolerance and more efficient pathogen clearance 
capability, and whether trained immunity might 
remain after drastic metabolic responses and 
developmental changes have occurred, and explored 
the possibility that the effects of trained immunity 
might be memorized long term by intestinal stem cells.

1　Materials and methods

1.1　Drosophila strain and germ-free culture
We obtained infection sensor Dipt-GFP reporter 

fly from Bloomington Drosophila Stock Center           
(#55709) as our animal model. It is a well established 
sensor strain that upon Gram-negative bacteria 
infection. The activation of IMD pathway will lead to 
the expression of GFP at the site of innate immune 
response[33]. To exclude any contribution of existing 
microbiota in shaping the gut immune response, we 
adopted a germ-free culture methodology[34] to avoid 
any resident commensal bacteria in our Drosophila 
culture for trained immunity investigations.

Our protocol largely follow the published 
methodology by sterilizing collected eggs with bleach 
briefly and deposit the embryos without eggs shells 
with a brush into sterile standard Drosophila culture 
media. We verify the effectiveness of our axenic 
culture condition by culture some of our embryo 

homogenate on antibitiotic free LB plate, as well as 
16S rDNA PCR to exclude any bacteria in our culture 
(Figure S1). Axenic culture took 2-3 d longer for the 
embryos to reach wandering 3rd instar larval stage 
comparing with typical culture, which offers us a 
convenient way to exclude any vial with potential 
bacteria contamination by checking the developing 
stage one week after the start of the axenic culture. 
After flies reaching adulthood, we also double-check 
the culture condition is indeed germ-free by grinding 
one random fly from each culture vial and plating the 
fly homogenate on LB solid media.
1.2　 Oral infection of Drosophila adults and the 
measurements of trained immunity by adult 
survival rate and bacterial load

We choose two known Gram-negative bacteria: 
Erwinia carotovora carotovora 15 (Ecc15, a lab kept 
stock) and Pseudomonas aeruginosa (PAO1, obtained 
from Beijing Biopreservation Center) as our infection 
agents, since they were studied to cause severe 
inflammatory reaction in Drosophila upon feeding, 
leading to significant but not complete animal 
lethality. Ecc15 bacteria culture is expanded with 
liquid culture in LB medium at 30℃ until A600 
reaching between 0.6-0.8. Ecc15 is pelleted by 
centrifugation 7 000 r/min at 4℃ and washed in 
sterile PBS twice before final re-suspension by 5% 
sterile sucrose solution with the final A600 reaching 
100. An equivalent germ-free prep is made by diluting 
5% sterile sucrose solution with sterile water until the 
same final volume is reached. For PAO1, the culture 
expansion is done at 30℃ , and the final bacterial 
concentration in the sucrose re-suspension is at final 
A600 of 25 instead of 100.

For Drosophila adult oral infection, a sterile 
filter paper is placed on top of culture vial with sterile 
Drosophila food. Two loads of 0.5 ml sucrose-
bacteria mix each are dripped onto the filter paper to 
avoid liquid overflow. After the filter paper is dried 
briefly so that no apparent liquid come out of the 
paper, 25 starved adult flies were transferred from a 
empty sterile culture vial into the infection vial. In the 
subsequent days, the surviving flies were counted and 
transferred to a sterile culture vial every 24 h. When 
we quantify remaining bacteria load in surviving flies, 
there are barely any bacteria left after a 5 d long 
sequential transfer. Therefore, we can repeat the 
infection and recovery process with a second infection 
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challenge afterward as the primary one.
Bacteria load in live/dead flies were done by 

taking 5 live or newly deceased adult flies, washed 
briefly in 75% EtOH for 5 s followed by three rinses 
in sterile PBS solution. 1 ml of sterile PBS solution is 
used to homogenize the flies using a beads votexer 
and the homegenate were serial diluted and plated on 
LB agar plate for overnight bacteria culture. 3 
replicates were performed for each condition. The 
plates with colonies were imaged, and the number of 
colonies were counted by an ImageJ plugin.
1.3　 Oral infection of Drosophila larvae and the 
measurements of trained immunity by adult 
survival rate and bacterial load

We started the oral infection of fly larvae by 
isolating around 200 early 3rd instar larval from 
axenic culture vial and starve those in a fresh empty 
sterile vial for 3 h. At the same time, prepare 5 g of 
sterile instant fly food in an empty sterile vial and stir 
in 1 ml of concentrated sucrose-bacteria mix until no 
liquid overflow is observed. We washed the starved 
fly larvae briefly with sterile water and dried them 
completely before transferring them into the infection 
vial onto instant fly food directly. In the next 30 min, 
we visually examine any larvae crawling out of the 
instant fly food, and pick all larval on the vial wall 
back to the food once every 10 min. By the end of the 
30 min, if there are still larvae staying on the vial wall 
instead of the food, those free rangers are removed by 
a brush since they are likely late 3rd instar larval in 
development and can not be efficiently fed with 
bacteria.

After a 6 h feeding/infection phase, all larval in 
the infection vial were removed from the instant fly 
food. They are washed with 30% EtOH first, followed 
by sterile water, and then transferred to a fresh sterile 
culture vial with fly food to continue their 
development. 2-3 d after their eclosion, adult flies 
were infected for a second time following the standard 
adult oral infection method. Their survival rate and 
bacteria load is examined on a daily basis as the 
previous section.
1.4　Gene expression measurements of Drosophila 
gut upon primary infection or repeated infection

Total RNA were extracted from intact flies using 
FastPure® Cell/Tissue Total RNA Isolation Kit 
(Vazyme) and quantified with Nanodrop200. cDNA 
were synthesized from 1 μg of total RNA using 

HiScript® III All-in-one RT SuperMix (Vazyme), 
primed by Oligo-dT. Quantitative PCR were done 
using Taq Pro Universal SYBR qPCR Master Mix 
(Vazyme), using a panel of innate immunity related 
genes. The detailed information on primers 
amplifying house keeping internal control and innate 
immunity related genes can be found in the Table S1.
1.5　Gut immuno-staining and statistic analysis

Freshly dissected adult guts were fixed in 4% 
formaldehyde and rinsed with PBST. For GFP only 
analysis, the tissue is directly mounted in vector-
shield mounting medium containing DAPI 
(vectorlab). For immunostaining , primary antibody 
(Mouse anti-Delta 9B, DSHB) were incubated with 
tissue pre-blocked with goat norm serum with 1∶500 
dilution at 4℃ overnight first, and then washed with 
PBST for 5 times. Secondary antibody (Alexa 
Flour647 goat anti mouse, Thermo) were used at         
1∶200  dilution  at  room  temperature  for  2 h.  The 
washed tissue is then mounted in vector-shield 
mounting medium containing DAPI. Images were 
taken using a Leica STELLARIS 8 confocal 
microscope. GFP positive cells were scored with 
those ROI double positive for GFP and DAPI. ISC 
were scored with ROI double positive for Delta and 
DAPI. ImageJ were used to quantify the cells of 
interest at the imaging field. Student’s t-test were 
used for statistical analysis among groups. P<0.05 (*) 
was considered statistically significant differences.      
P<0.01(**) was considered statistically very 
significant differences.

2　Results

2.1　 Oral infection by Gram-negative bacteria 
elicit robust trained immunity in Drosophila adults

We setup to examine whether prior Ecc15 
infection can protect adult flies from infection related 
mortality. Three experimental groups were designed 
(Figure 1): (1) CG (control group): during both 
infection windows, only sterile sucrose solution is 
used during bacteria feeding period. (2) ETC1 (Ecc15 
training control group): during the first infection 
windows, sterile sucrose solution is used; while for 
the second infection windows, Ecc15 culture were 
used. (3) ET1 (Ecc15 training group): during both the 
first and second infection windows, Ecc15 culture 
were used.
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We observed a ~10% mortality rate within five d 
following the first Ecc15 infection period, consistent 
with the fact that Ecc15 is a well established pathogen 
for Drosophila (Figure 2a). Following the second 
infection period, we observed a similar mortality rate 
caused by Ecc15 with the naive ETC1 group, while 
only ~5% of trained flies (ET1 group) die out of the 
repeated infection over 5 d (Figure 2b). This apparent 
two fold decrease of bacteria lethality is consistent 
with a protective role the prior infection had 
established. To directly validate that the trained adults 
can resist Ecc15 infection with higher efficacy, we 
quantified the bacteria load in both the living flies in 
both ETC1 and ET1 group. There is a significant 
reduction of Ecc15 load in previously trained flies, 
indicating a stronger bacteria clearing efficacy (Figure 

2c). On the other hand, when we quantify the bacteria 
load upon death(BLUD), the trained group 
demonstrated a significantly higher load (Figure 2d), 
consistent with the notion that the prior training 
renders the recipients more tolerant to bacteria 
infection.

We extended our analysis with a second Gram-
negative bacteria infection model with PAO1, by 
setting up three similar groups (Figure 1): (1) CG 
(control group); (2) PTC1 (PAO1 training control 
group); (3) PT1 (PAO1 training group). Oral infection 
with PAO1 causes higher mortality rate in adult flies 
comparing with Ecc15, such that roughly 40% of 
primary infected flies die within 5 d after infection. 
Nevertheless, there is a clear protective effect by the 
previous infection such that only ~25% flies die 

Fig. 1　Schematic diagrams of repeated oral infections of Gram-negative bacteria to Drosophila
(a) Homologous and heterologous pathogen infections in Drosophila adults using Ecc15 and PAO1. (b) Trained immunity experiments with primary 

infection in Drosophila larvae and second in adulthood.
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within a 5 d post infection period in the trained group 
(Figure 3a, b). Similar to Ecc15 infection, there is a 
stronger trend of clearing bacteria infection in the gut 
since PT1 group has a significant lower bacteria load 

comparing with naive PTC1 group (Figure 3c). BLUD 
counts also indicate that trained animals are tolerant to 
higher level of PAO1 infection (Figure 3d).

Fig. 3　Oral infection by PAO1 elicit robust trained immunity in Drosophila adults
(a) Survival rates with the first PAO1 infection on Drosophila adults, comparing uninfected control (CG1), mock infection (PTC1) and experiment 

(PT1). (b) Survival rates with the second PAO1 infection on Drosophila adults, comparing uninfected control (CG1), naive animal (PTC1) and trained 

animal (PT1). (c) Bacterial load in live Drosophila after the second infection with PAO1, comparing naive animal (PTC1) and trained animal (PT1).     

(d) Counts of bacteria load upon death (BLUD), comparing between the first and second infection with PAO1 on Drosophila adults (*P<0.05, **P<

0.01, ***P<0.001, ns indicates no significant difference between groups, student’s t-test).

Fig. 2　Oral infection by Ecc15 elicit robust trained immunity in Drosophila adults
(a) Survival rates with the first Ecc15 infection on Drosophila adults, comparing uninfected control (CG1), mock infection (ETC1) and experiment 

(ET1). (b) Survival rates with the second Ecc15 infection on Drosophila adults, comparing uninfected control (CG1), naive animal (ETC1) and 

trained animal (ET1). (c) Bacterial load in live Drosophila after the second infection with Ecc15, comparing naive animal (ETC1) and trained animal 

(ET1). (d) Counts of bacteria load upon death (BLUD), comparing between the first and second infection with Ecc15 on Drosophila adults. (*P<0.05, 

**P<0.01, ***P<0.001, ns indicates no significant difference between groups, student’s t-test).
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2.2　 Trained immunity obtained from oral 
infection by Gram-negative bacteria is non-specific 
and can protect infection by unrelated pathogen

The robust boost of infection resistance caused 
by either Ecc15 or PAO1 inspires us to wonder 
whether the gained resistance is specific to any 
particular pathogen. In another word, whether flies 
with trained immunity can “remember” the specific 
bacteria they first encounter. To answer this question, 
we setup a cross infection treatment group (EPT1) by 
first infecting the flies with Ecc15 and then challenge 
those survived with PAO1 infection (Figure 1). The 
results are compared with untrained (PTC1) and those 
trained (PT1) with the same pathogen. The results 
clearly demonstrated prior Ecc15 infection clearly 
protect flies against PAO1 challenge, since 

heterogeneous training group (EPT1) is similar to 
homogeneous training group (PT1) in every regards, 
including decreased mortality, lower bacteria load in 
live animals, and higher BLUD counts. (Figure 4d-f).

We also repeat the heterogeneous training 
scheme by switch the order of different pathogens. 
PET1 group is first infected with PAO1 and then with 
Ecc15, compared with untrained (ETC1) and those 
trained (ET1) with the same pathogen (Figure 1). We 
observed equivalent protective effects, comparing 
heterogeneous training group (PET1) with 
homogeneous training group (ET1) (Figure 4a-c). 
Therefore, we concluded that the trained immunity 
gained by Drosophila oral infection is not pathogen 
specific, at least for the two well characterized Gram-
negative bacteria we used.

Fig. 4　Trained immunity in Drosophila adults can be triggered by heterologous bacteria
(a) Survival rates with the second Ecc15 infection on Drosophila adults, comparing uninfected control (CG1), naive animal (ETC1), heterologous 

trained animal (PET1) and homologous trained animal (ET1). (b) Bacterial load in live Drosophila after the second infection with Ecc15, comparing 

naive animal (ETC1) and heterologous trained animal (PET1). (c) Counts of bacteria load upon death (BLUD) after the second infection with Ecc15 

on Drosophila adults, comparing between naive animal (ETC1) and heterologous trained animal (PET1). (d) Survival rates with the second PAO1 

infection on Drosophila adults, comparing uninfected control (CG1), naive animal (PTC1), heterologous trained animal (EPT1) and homologous 

trained animal (PT1). (e) Bacterial load in live Drosophila after the second infection with PAO1, comparing naive animal (PTC1) and heterologous 

trained animal (EPT1). (f) Counts of bacteria load upon death (BLUD) after the second infection with PAO1 on Drosophila adults, comparing 

between naive animal (PTC1) and heterologous trained animal (EPT1) (*P<0.05, ***P<0.001, ns indicates no significant difference between groups, 

student’s t-test).
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2.3　 Immunological memory gained by trained 
immunity can persist through different 
developmental stages

For this purpose, we setup Ecc15 infections 
across different developmental stages. ET2 group is 
infected with Ecc15 at early 3rd instar larval stage and 
reinfected as adult (Figure 1). ETC2 group is the 
training control group which is only fed with sucrose 
at early 3rd instar larval stage. Compared with 
uninfected control group (CG2), around 10% ET2 
group die within 5 d after infection with Ecc15 at 
adulthood. Although this mortality rate is higher than 
those when the primary infection happens in 
adulthood (ET1), the protection from larval infection 
is significant, comparing with ETC2 control group in 
term of lower mortality, decreased bacteria load after 
infection, as well as higher BLUD counts (Figure 5 
a-c).

We repeated this cross developmental infection 
scheme by using PAO1 as the infection agent, and also 

observed a significant protective effect against PAO1 
infection if the initial infection is induced at the larval 
stage (Figure 5d-f). Therefore, immunological 
memory established in the larval stage can be long 
lasting, at least for weeks and persist over the major 
metamorphosis transition in fly development. We 
notice that the mortality rate decrease by those cross 
developmental stage memory (Figure 5a, d) are not as 
striking as when both infections occur in adulthood
(Figure 2a, 3a). This discrepancy might suggest the 
integrity of gut might be a contributing factor in 
maintaining a “resistant” state for subsequent 
infections. Nevertheless, this cross developmental 
stage retention of immunological memory suggest 
intestinal stem cells might be a critical memory 
carrier, since it’s the only major cell type retaining 
through metamorphosis in fly gut. Such long term 
memory might be encoded/decoded in the genome of 
ISC through epigenetic mechanisms, warranting 
further in-depth investigations.

Fig. 5　Trained immunity in Drosophila can persist across metamorphic developmental stages
(a) Survival rates with the second Ecc15 infection on Drosophila adults, comparing uninfected control (CG2), naive animal (ETC2), larval trained 

animal (ET2). (b) Bacterial load in live Drosophila after the second infection with Ecc15, comparing naive animal (ETC2) and larval trained animal 

(ET2). (c) Counts of bacteria load upon death (BLUD) after the second infection with Ecc15 on Drosophila adults, comparing between naive animal 

(ETC2) and larval trained animal (ET2). (d) Survival rates with the second PAO1 infection on Drosophila adults, comparing uninfected control 

(CG2), naive animal (PTC2), larval trained animal (PT2). (e) Bacterial load in live Drosophila after the second infection with PAO1, comparing naive 

animal (PTC2) and larval trained animal (PT2). (f) Counts of bacteria load upon death (BLUD) after the second infection with PAO1 on Drosophila 

adults, comparing between naive animal (PTC2) and larval trained animal (PT2) (*P<0.05, ***P<0.001, ns indicates no significant difference 

between groups, student’s t-test).
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2.4　 Immunological memory is accompanied by 
boosted widespread immunity related 
transcriptional responses

Following the protective role a prior infection 
confers to Drosophila in term of combating Gram-
negative bacteria infection, we reason that such 
resistance might be due to more robust induction of 
immune response genes in Drosophila gut. Therefore, 
we examined selected immune related genes from 
three distinct functional categories to assess whether 
during a second challenge, stronger immune response 
can be elicited in term of gene expression.

Firstly, we profile six genes from Peptidoglycan 
recognition proteins (PGRPs) family, which are the 
major innate immune recognition molecules in 
Drosophila from bacteria and fungal cell wall 
components[35]. In Drosophila, distinct PGRPs bind to 
peptidoglycans on Gram-positive or Gram-negative 
bacteria and provide essential signals upstream of the 
Toll and IMD pathways, while a number of PGRP 
genes were direct targets of Toll or IMD signaling, 
functioning to titrate Pathogen-associated molecular 
patterns molecules to prevent exaggerated activation 
of innate immunity response[36-39]. We used both the 
Ecc15 and PAO1 infection model and compared the 
level of induction between PGRP genes within first  
12 h after pathogen infection between naive and 
trained animals. PGRP-LB, PGRP-SD, PGRP-LE, 
and PGRP-LC all are induced by either Ecc15 or 
PAO1 infection within the first 12 h, although with 
different extent regarding distinct pathogens (Figure 
6a, b). PGRP-LB and PGRP-SD are more robustly 
induced, which parallels with a significantly stronger 
induction among the trained animals. A similar trend 
of increased induction level in trained flies can be 
observed in PGRP-LE and PGRP-LC as well, 
although the lower overall induction fold might 
contribute to the diminished statistic significance 
comparing the naive animal and trained adults.

Beyond PGRP sensors, AMPs are the major 
arsenal produced by the insect innate immunity to 
restrict pathogens proliferation in its gut. Many AMPs 
are induced by IMD pathways and therefore are 
reliable readouts for insect innate immunity 
response[40]. Dipt, AttA, AttD, CelA1 expression 
levels peak at 6 h after Ecc15 infection, indicating 
they are early response genes (Figure 6c). For those, 
we observed a significantly more robust induction for 

Dipt, AttA and AttD in the trained animals compared 
with naive animals, while the increase for CelA1 is 
not significant. Mtk and Def peak at 12 h after Ecc15 
infection, suggesting they are late responders, for 
which the trained animals demonstrated significantly 
higher induction level (Figure 6c). For PAO1 
infection, Dipt, AttA, AttD, CelA1 similarly are early 
responders, although CelA1 is induced more robustly 
comparing with Ecc15. For all 4 early responding 
genes, trained flies demonstrated significantly higher 
expression level comparing with naive individuals 
(Figure 6d). For late responding AMPs, Mtk and Def, 
Mtk is more robustly induced by PAO1 comparing 
with Ecc15. Comparing with trained flies with naive 
ones, trained flies demonstrated significantly higher 
induction level besides the 12 h time point for Def 
(Figure 6d).

Finally, we profiled three members as 
representatives of the Tot gene Family[41]. All Tot 
genes are induced under stressful conditions such as 
bacterial infection, and play a role in Drosophila 
stress tolerance. Tot A, Tot C, Tot M expression level 
are strongly induced at 6 h after either Ecc15 or PAO1 
infection (Figure 6e), consistent with their known 
immediate induction by inflammation related JNK-
STAT signaling[42]. We observe a stronger induction of 
Tot A, Tot C, Tot M after PAO1 infection compared 
with those after Ecc15 infection, consistent with a 
higher mortality rate associated with PAO1 oral 
infection (Figure 6f), thus possibly stronger 
inflammatory response in the gut. Nevertheless, a 
consistent more robust induction level of all Tot genes 
examined were found in the trained animals, 
compared with their naive counterparts. All of our 
gene expression profiling indicate the trained 
immunity related stronger resistance to repeated 
bacteria infection can be attributed to stronger 
immunity related transcription responses, including at 
least IMD signaling, AMPs production, as well as 
JNK/STAT triggered stress tolerance.
2.5　 Immunological memory in the gut can be 
contributed by both enterocytes and intestinal 
stem cells

Our gene expression analysis demonstrate more 
robust collective immune related transcriptional 
inductions, although our analysis could not 
distinguish the specific cell types where those 
responses are triggered. Therefore, we take advantage 
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of the live-cell fluorescent Dipt-GFP sensor offering 
by our fly model, to explore whether stronger immune 
response can be observed in the fly gut comparing 
trained animals and naive animals. We compared Dipt-
GFP fluorescence before and after infection along the 
whole digestive track. As expected, there is no Dipt-
GFP positive cell in germ-free gut, while there are 
patches of green cells appearing in the gut after 6 h of 
pathogen infection (Figure S2, S3). While this is 
consistent with the known fact that Dipt-GFP signal 
reflects IMD signaling triggered AMPs production, 
the patchiness of the green cells reflect cells along 
distinctive anatomical location in the gut might have 
distinctive immune responses. We consistently 
observed a distinctive patch of Dipt-GFP positive 

cells in the midgut after Ecc15 infection (Figure S2). 
Therefore, we focus on this region for comparison of 
immune responses after the second pathogen 
challenge, comparing the trained animals with naive 
ones. Most Dipt-GFP positive cells have large nuclei 
as revealed by strong Dapi staining, suggesting those 
are polyploid mature enterocytes (Figure S2, S3). 
When we count the number of Dipt-GFP positive cells 
in this patch, we consistently observed a higher cell 
count comparing the Ecc15 trained animals with naive 
ones, on two different time points post infection 
(Figure 7a). Similarly, this Dipt-GFP positive patch of 
midgut cells shows up after PAO1 infection. The 
higher count of Dipt-GFP cells comparing with Ecc15 
infection is consistent with higher morbidity PAO1 

Fig. 6　Immunological memory is accompanied by boosted widespread immunity related transcriptional responses
(a) Inductions of PGRP genes triggered by Ecc15 infection, comparing between the first infection and second infection responses. (b) Inductions of 

PGRP genes triggered by PAO1 infection, comparing between the first infection and second infection responses. (c) Inductions of AMP genes 

triggered by Ecc15 infection, comparing between the first infection and second infection responses. (d) Inductions of AMP genes triggered by PAO1 

infection, comparing between the first infection and second infection responses. (e) Inductions of Tot genes triggered by Ecc15 infection, comparing 

between the first infection and second infection responses. (f) Inductions of Tot genes triggered by PAO1 infection, comparing between the first 

infection and second infection responses (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns indicates no significant difference between groups).
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causes. Nevertheless, the same significant increase of 
GFP positive cell counts are observed comparing 
PAO1 trained animal with naive ones (Figure 7b). We 
also repeat the experiment by training the flies with 
PAO1 infection first and examine the Dipt-GFP 
positive patch on the midgut after Ecc15 challenge. 
Again, we observed more Dipt-GFP enterocytes 

compared with naive flies (data not shown). Since 
most of the Dipt-GFP positive enterocytes are 
unlikely to be freshly differentiated from ISC within 
the 6-12 h post infection time window we examined, 
our results suggested enterocytes lining the gut 
epithelium can be more immunological active after 
training with prior infection.

Our observation that immunological memory can 
persist through different developmental stages also 
strongly indicate the potential role of ISC in 
conveying long term memory. Although there is no 
evidence that ISC participate in IMD signaling related 
innate immunity response[43-45], there are numerous 
reports on elevated mitogenic activities of ISC upon 
inflammation to maintain the gut homeostasis[46-48]. 
This is triggered by JNK/STAT pathway ligands 
released by stressed enterocytes[49]. We used delta 
immunostaining as a reliable means to quantitate the 
number of ISCs in the midgut. Delta staining reveals 

patch signal on few cells in the gut. Their small DAPI 
positive nuclei is consistent with the diplod genome 
ISCs maintain, comparing with large nuclei the 
neighbouring differentiated enterocytes process 
(Figure S4). We first measured delta positive ISC in 
the midgut with Ecc15 infection. We clearly observed 
a more than doubling effect of ISC counts 12 h 
following Ecc15 infection (Figure 7c), consistent with 
previously known inflammation induced ISC cell 
division. This increase of ISC count is less 
pronounced 24 h post Ecc15 infection compared with 
uninfected control, suggesting an immediate boost of 

Fig. 7　Immunological memory in the gut can be contributed by both enterocytes and intestinal stem cells
(a) Changes of the number of Dipt-GFP-positive cells per unit area under 40× field of view at 6 h and 12 h caused by Ecc15 infection, comparing 

between the first and second infection. (b) Changes of the number of Dipt-GFP-positive cells per unit area under 40× field of view at 6 h and 12 h 

caused by PAO1 infection, comparing between the first and second infection. (c) Changes of the number of Delta-positive cells per unit area under 

40× field of view at 12 h and 24 h caused by Ecc15 infection, comparing between the first and second infection. (d) Changes of the number of Delta-

positive cells per unit area under 40× field of view at 12 h and 24 h caused by PAO1 infection, comparing between the first and second infection (*P<

0.05, **P<0.01, ***P<0.001, Student’s t-test).
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ISC activity early in the infection cycle. When we 
count ISC number on flies previously trained with 
Ecc15 infection, we do observe an elevated ISC 
counts on both time points, suggesting trained ISC are 
more mitogenic active after pathogen challenge 
(Figure 7c). We observed a similar immediate boost of 
ISC activity with PAO1 infection, although the 
number of ISC increase by more than 4 fold at 12 h 
post infection, consistent with its higher inflammatory 
activity compared with Ecc15 (Figure 7d). 
Importantly, pre-training with PAO1 also boost the 
ISC cell counts compared with naive animals (data 
not shown). Therefore, elevated ISC proinflammatory 
response is a general feature for trained immunity 
with distinct Gram-negative pathogens. Our anatomic 
analysis of cellular responses in fly gut identify both 
enterocytes and ISC to be more active upon repeated 
inflammatory challenge. We speculate they might be 
differential tuned by trained immunity to execute 
distinctive aspects in resisting the infection of future 
pathogens.

3　Discussion

We used the fast developing model organism 
Drosophila to establish a robust trained immunity 
model. Our model is advantageous for two main 
reasons: firstly, Drosophila lacks the adaptive immune 
system, therefore, immunological memory can be 
100% attributed to the innate immunity system. The 
availability of a large number of genetic homogeneous 
individuals for a large number of repeated 
experiments as we demonstrated in our study 
improves the reliability of the findings[50]. In addition, 
the significantly gained resistance toward same or 
different pathogen infection through the oral route as 
we demonstrated with two different Gram-negative 
bacteria pathogens offers a robust platform to evaluate 
the efficacy of immunological memory. Our current 
study used an easy-to-establish germ-free fly culture 
system to exclude any influence of prior exposure to 
other bacteria. This ideal case clearly demonstrated a 
primary infection event “vaccinate” the flies non-
specifically, possibly by fine-tuning the gut to be 
more robustly responsive in limiting a repeated 
bacteria infection, as well as providing more stress 
resistance mechanisms. The latter effect can be seen 
as the trained flies demonstrated higher BLUD counts 
in general, and more robust induction of stress 
resistant Tot genes. The more efficient pathogen 

clearing effect in trained animals is reflected by robust 
gains of induction for peptidoglycan recognition 
proteins, as well as antimicrobial peptides. Where 
there might be additional mechanisms for the increase 
of infection resistance that our current study fail to 
pinpoint, our limited transcriptional profiling suggests 
immunological memory might not be limited to only a 
few gene locus. Instead, our data is more consistent 
with a genome wide chromatin modification model 
that many sites were “poised” to be more active, a 
state of chromatin changes established by the prior 
infection. Although our study did not go in such detail 
to establish the underlying chromatin changes for a 
more robust induction of immune related genes we 
discovered, recent epigenetic profiling comparing 
naive T cells and antigen-stimutated T cells found T 
cell activation enables thousands of DNaseI-
hypersensitive sites in the T cell genome, which are 
inducible chromatin priming sites associated with the 
establishment of immunological memory in T cells[51]. 
Further cell specific, genome wide epigenetic 
profiling is needed to validate our hypothesis that the 
“immunological memory” in both innate immunity 
and adaptive immunity can be recorded and retrieved 
at the level of site specific chromatin modifications in 
different organisms.

The simple anatomical structure of fly gut also 
offers us opportunity to reveal which cell types can be 
“trained” with prior infection. Our Dipt-GFP reporter 
is mainly activated in differentiated enterocytes. 
Therefore, using this reporter, we did observed 
enterocytes in trained fly gut are activated to a higher 
extend. This is consistent with the notion that 
enterocyte is the major cell type for the gut barrier 
immunity function and it’s the major site for bacteria 
triggered IMD-relish innate immunity response. 
However, enterocytes are known to have limited 
lifespan and can not self regenerate under normal 
circumstances[44]. Furthermore, enterocytes are known 
to undergo massive inflammation induced cell death 
and shedding in fly gut[21]. Therefore, although the 
enterocytes might contribute significantly to the adult 
stage 5-d apart immune training scheme we used in 
our current study, it is unlikely to persist long term 
due to continuous cellular turnover. On the other 
hand, ISC would be a cell type conferring long term 
memory due to its unique self renewal and 
differentiation potential in the gut[45]. Indeed, through 
a cross developmental stage infection training 
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scheme, we found significant trained immunity in fly 
gut can be maintained through tissue modeling 
metamorphosis process. Although parallel comparison 
of the protective effects though prior infection in 
either larval or adult stage is hard to achieve, we did 
observe a weaker “protection” cross developmental 
stages regarding mortality rate in general. This decline 
could be explained by either the lack of enterocytes 
component of the memory, a temporal decline of 
“memory” recorded due to a longer lag period 
between the two bouts of infections, or both. When 
we examined the anatomy of fly guts under infection, 
ISCs demonstrate increased inflammation induced 
proliferation in the trained gut. Therefore, this 
observation is consistent with ISCs themselves are 
differentiable responsive to inflammation cues 
dependent on their prior infection history, which is 
consistent with a recent discovery[45]. Whether ISCs 
and enterocytes record infection history differentially 
in their genome remains a long term question to be 
addressed further. When stem cell confers long term 
immune memory through differentiating into mature 
enterocytes, it remains to be seen whether those newly 
generated enterocytes function as stronger immune 
barrier by retaining some aspects of immune memory 
encoded into the infected ISCs.

The similar phenomenon of trained immunity has 
been demonstrated in other invertebrates (Anopheles 
gambiae[52], Aedes aegypti[26], Bombus terrestris[53], 
etc.) and in vertebrate models (mouse[54], rhesus 
macaques[55], etc.). In sum, the proposal of trained 
immunity provides a new direction for the study of 
immunological mechanisms, and can be used in the 
future to develop novel broad-spectrum vaccines 
based on innate immune memory[56] and to open up 
new therapeutic strategies to modulate trained 
immunity. Mechanistic studies using a well suited 
model as our current study demonstrates will be 
tremendously helpful in this endeavor by elucidating 
how the memory is “recorded”, “stored” and 
“retrieved” on a single cell basis.

4　Conclusion

A robust trained immunity in Drosophila 
melanogaster intestine can be triggered by oral 
infection of either homologous or heterologous Gram-
negative bacteria, and the immunological memory can 

persist across developmental stages. It may act on 
chromatin and store immunologic memory at relevant 
gene loci through chromatin modifications. A 
potential way for the passage of immunologic 
memory across developmental stages is through JNK/
STAT activation of intestinal stem cells, which may 
carry on the immune imprint from larval to adult 
developmental stages in the gut.

Acknowledgments  Graphical abstract is created by 
BioRender. com with the help of XU Hong-En from 
Zhengzhou university. We are grateful for the 
assistance and support provided by the Henan Key 
Laboratory for Pharmacology of Liver Diseases and 
the Henan Engineering Technology Research Center 
for Accurate Diagnosis Neuroimmunity for the 
smooth implementation of this study. 

Supplementary materials  Available online (http://
www.pibb.ac.cn or http://www.cnki.net):
PIBB_20230134_Figure_S1.pdf
PIBB_20230134_Figure_S2.pdf
PIBB_20230134_Figure_S3.pdf
PIBB_20230134_Figure_S4.pdf
PIBB_20230134_Table_S1.pdf

References

[1] Stokic-Trtica V, Diefenbach A, Klose C. NK cell development in 

times of innate lymphoid cell diversity. Front Immunol, 2020,

11: 813

[2] Herwald H, Egesten A. On PAMPs and DAMPs. J Innate Immun, 

2016, 8(5): 427-428

[3] Messina N L, Zimmermann P, Curtis N. The impact of vaccines on 

heterologous adaptive immunity. Clin Microbiol Infect, 2019,        

25(12): 1484-1493

[4] Ando M, Ito M, Srirat T, et al. Memory T cell, exhaustion, and 

tumor immunity. Immunol Med, 2020, 43(1): 1-9

[5] Sulek M, Kordaczuk J, Wojda I. Current understanding of immune 

priming phenomena in insects. J Invertebr Pathol, 2021,                   

185: 107656

[6] Rodrigues J, Brayner F A, Alves L C, et al. Hemocyte 

differentiation mediates innate immune memory in Anopheles 

gambiae mosquitoes. Science, 2010, 329(5997): 1353-1355

[7] Gomes F M, Tyner M, Barletta A, et al. Double peroxidase and 

histone acetyltransferase AgTip60 maintain innate immune 

memory in primed mosquitoes. Proc Natl Acad Sci USA, 2021,   

118(44): e2114242118

[8] Kurtz J, Franz K. Innate defence: evidence for memory in 

invertebrate immunity. Nature, 2003,425(6953): 37-38



·1220· 2023；50（5）生物化学与生物物理进展  Prog. Biochem. Biophys.

[9] Mondotte J A, Gausson V, Frangeul L, et al. Immune priming and 

clearance of orally acquired RNA viruses in Drosophila. Nat 

Microbiol, 2018, 3(12): 1394-1403

[10] Higgins J P, Soares-Weiser K, Lopez-Lopez J A, et al. Association 

of BCG, DTP, and measles containing vaccines with childhood 

mortality: systematic review. BMJ, 2016, 355: i5170

[11] Angelidou A, Diray-Arce J, Conti M G, et al. BCG as a case study 

for precision vaccine development: lessons from vaccine 

heterogeneity, trained immunity, and immune ontogeny. Front 

Microbiol, 2020, 11: 332

[12] Arts R, Moorlag S, Novakovic B, et al. BCG vaccination protects 

against experimental viral infection in humans through the 

induction of cytokines associated with trained immunity. Cell Host 

Microbe, 2018, 23(1): 89-100

[13] Zapolnik P, Kmiecik W, Mazur A, et al. Trained immunity, BCG 

and SARS-CoV-2 general outline and possible management in 

COVID-19. Int J Mol Sci, 2023, 24(4): 3218

[14] Du J, Su Y, Wang R, et al. Research progress on specific and non-

specific immune effects of BCG and the possibility of BCG 

protection against COVID-19. Front Immunol, 2023, 14: 1118378

[15] Goodridge H S, Ahmed S S, Curtis N, et al. Harnessing the 

beneficial heterologous effects of vaccination. Nat Rev Immunol, 

2016, 16(6): 392-400

[16] Netea M G, Dominguez-Andres J, Barreiro L B, et al. Defining 

trained immunity and its role in health and disease. Nat Rev 

Immunol, 2020, 20(6): 375-388

[17] Netea M G, Quintin J, van der Meer J W. Trained immunity: a 

memory for innate host defense. Cell Host Microbe, 2011, 9(5):

355-361

[18] de Laval B, Maurizio J, Kandalla P K, et al. C/EBPbeta-dependent 

epigenetic memory induces trained immunity in hematopoietic 

stem cells. Cell Stem Cell, 2020, 26(5): 657-674

[19] Miguel-Aliaga I, Jasper H, Lemaitre B. Anatomy and physiology 

of the digestive tract of Drosophila melanogaster. Genetics, 2018,

210(2): 357-396

[20] Capo F, Wilson A, Di Cara F. The intestine of Drosophila 

melanogaster: an emerging versatile model system to study 

intestinal epithelial homeostasis and host-microbial interactions in 

humans. Microorganisms, 2019, 7(9): 336

[21] Zhai Z, Boquete J P, Lemaitre B. Cell-specific Imd-NF-kappaB 

responses enable simultaneous antibacterial immunity and 

intestinal epithelial cell shedding upon bacterial infection. 

Immunity, 2018, 48(5): 897-910

[22] Micchelli C A, Sudmeier L, Perrimon N, et al. Identification of 

adult midgut precursors in Drosophila. Gene Expr Patterns, 2011,

11(1-2): 12-21

[23] Wu Q, Patocka J, Kuca K. Insect antimicrobial peptides, a mini 

review. Toxins (Basel), 2018, 10(11): 461

[24] Gera J, Budakoti P, Suhag M, et al. Physiological ROS controls 

Upd3-dependent modeling of ECM to support cardiac function in 

Drosophila. Sci Adv, 2022, 8(7): eabj4991

[25] Tanji T, Hu X, Weber A N, et al. Toll and IMD pathways 

synergistically activate an innate immune response in Drosophila 

melanogaster. Mol Cell Biol, 2007, 27(12): 4578-4588

[26] Vargas V, Cime-Castillo J, Lanz-Mendoza H. Immune priming 

with inactive dengue virus during the larval stage of Aedes aegypti 

protects against the infection in adult mosquitoes. Sci Rep, 2020,  

10(1): 6723

[27] Moreno-Garcia M, Recio-Totoro B, Claudio-Piedras F, et al. 

Injury and immune response: applying the danger theory to 

mosquitoes. Front Plant Sci, 2014, 5: 451

[28] Melillo D, Marino R, Italiani P, et al. Innate immune memory in 

invertebrate metazoans: a critical appraisal. Front Immunol, 2018,

9: 1915

[29] Pradeu T, Du Pasquier L. Immunological memory: what’s in a 

name?. Immunol Rev, 2018, 283(1): 7-20

[30] Coustau C, Kurtz J, Moret Y. A novel mechanism of immune 

memory unveiled at the invertebrate-parasite interface. Trends 

Parasitol, 2016, 32(5): 353-355

[31] Zhang T, Qiu L, Sun Z, et al. The specifically enhanced cellular 

immune responses in Pacific oyster (Crassostrea gigas) against 

secondary challenge with Vibrio splendidus. Dev Comp Immunol, 

2014, 45(1): 141-150

[32] Ter Steeg L, Dominguez-Andres J, Netea M G, et al. Trained 

immunity as a preventive measure for surgical site infections. Clin 

Microbiol Rev, 2021, 34(4): e4921

[33] Buchon N, Broderick N A, Poidevin M, et al. Drosophila intestinal 

response to bacterial infection: activation of host defense and stem 

cell proliferation. Cell Host Microbe, 2009, 5(2): 200-211

[34] Kietz C, Pollari V, Meinander A. Generating germ-free Drosophila 

to study gut-microbe interactions: protocol to rear Drosophila 

under axenic conditions. Curr Protoc Toxicol, 2018, 77(1): e52

[35] Capo F, Charroux B, Royet J. Bacteria sensing mechanisms in 

Drosophila gut: local and systemic consequences. Dev Comp 

Immunol, 2016, 64: 11-21

[36] Bosco-Drayon V, Poidevin M, Boneca I G, et al. Peptidoglycan 

sensing by the receptor PGRP-LE in the Drosophila gut induces 

immune responses to infectious bacteria and tolerance to 

microbiota. Cell Host Microbe, 2012, 12(2): 153-165

[37] Charroux B, Capo F, Kurz C L, et al. Cytosolic and secreted 

peptidoglycan-degrading enzymes in Drosophila respectively 

control local and systemic immune responses to microbiota. Cell 

Host Microbe, 2018, 23(2): 215-228

[38] Iatsenko I, Kondo S, Mengin-Lecreulx D, et al. PGRP-SD, an 

extracellular pattern-recognition receptor, enhances 

peptidoglycan-mediated activation of the Drosophila imd 

pathway. Immunity, 2016, 45(5): 1013-1023

[39] Guo L, Karpac J, Tran S L, et al. PGRP-SC2 promotes gut immune 

homeostasis to limit commensal dysbiosis and extend lifespan. 

Cell, 2014, 156(1-2): 109-122

[40] Hanson M A, Lemaitre B. New insights on Drosophila 

antimicrobial peptide function in host defense and beyond. Curr 

Opin Immunol, 2020, 62: 22-30

[41] Ekengren S, Hultmark D. A family of Turandot-related genes in the 



杨君霞，等：基于果蝇口腔感染的肠道训练免疫模型研究2023；50（5） ·1221·

humoral stress response of Drosophila. Biochem Biophys Res 

Commun, 2001, 284(4): 998-1003

[42] Brun S, Vidal S, Spellman P, et al. The MAPKKK Mekk1 regulates 

the expression of Turandot stress genes in response to septic injury 

in Drosophila. Genes Cells, 2006, 11(4): 397-407

[43] Petkau K, Ferguson M, Guntermann S, et al. Constitutive immune 

activity promotes tumorigenesis in Drosophila intestinal 

progenitor cells. Cell Rep, 2017, 20(8): 1784-1793

[44] Dutta D, Dobson A J, Houtz P L, et al. Regional cell-specific 

transcriptome mapping reveals regulatory complexity in the adult 

Drosophila midgut. Cell Rep, 2015, 12(2): 346-358

[45] Liu X, Nagy P, Bonfini A, et al. Microbes affect gut epithelial cell 

composition through immune-dependent regulation of intestinal 

stem cell differentiation. Cell Rep, 2022, 38(13): 110572

[46] Herrera S C, Bach E A. The emerging roles of JNK signaling in 

Drosophila stem cell homeostasis. Int J Mol Sci, 2021, 22(11):

5519

[47] Zhou J, Florescu S, Boettcher A L, et al. Dpp/Gbb signaling is 

required for normal intestinal regeneration during infection. Dev 

Biol, 2015, 399(2): 189-203

[48] Ayyaz A, Jasper H. Intestinal inflammation and stem cell 

homeostasis in aging Drosophila melanogaster. Front Cell Infect 

Microbiol, 2013, 3: 98

[49] Zhai Z, Boquete J P, Lemaitre B. Cell-specific Imd-NF-kappaB 

responses enable simultaneous antibacterial immunity and 

intestinal epithelial cell shedding upon bacterial infection. 

Immunity, 2018, 48(5): 897-910

[50] Flatt T. Life-history evolution and the genetics of fitness 

components in Drosophila melanogaster. Genetics, 2020, 214(1):

3-48

[51] Bevington S L, Cauchy P, Piper J, et al. Inducible chromatin 

priming is associated with the establishment of immunological 

memory in T cells. EMBO J, 2016, 35(5): 515-535

[52] Kulkarni A, Pandey A, Trainor P, et al. Trained immunity in 

Anopheles gambiae: antibacterial immunity is enhanced by 

priming via sugar meal supplemented with a single gut symbiotic 

bacterial strain. Front Microbiol, 2021, 12: 649213

[53] Sadd B M, Schmid-Hempel P. Insect immunity shows specificity 

in protection upon secondary pathogen exposure. Curr Biol, 2006,   

 16(12): 1206-1210

[54] Marakalala M J, Williams D L, Hoving J C, et al. Dectin-1 plays a 

redundant role in the immunomodulatory activities of β -glucan-

rich ligands in vivo. Microbes Infect, 2013, 15: 6-7

[55] Reeves R K, Li H, Jost S, et al. Antigen-specific NK cell memory 

in rhesus macaques. Nat Immunol, 2015, 16(9): 927-932

[56] Laupeze B, Doherty T M. Maintaining a ‘fit’  immune system: the 

role of vaccines. Expert Rev Vaccines, 2023, 22(1): 256-266



·1222· 2023；50（5）生物化学与生物物理进展  Prog. Biochem. Biophys.

基于果蝇口腔感染的肠道训练免疫模型研究*
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摘要 目的　利用果蝇作为遗传工具从个体和分子层面研究果蝇的训练免疫效应，并为后续深入研究其分子机制提供依据。

方法　首先构建无菌果蝇模型，在此基础上构建果蝇成虫及跨发育阶段训练免疫模型，用两种革兰氏阴性菌——胡萝卜软

腐欧文氏菌（Erwinia carotovora carotovora 15）及铜绿假单胞菌（Pseudomonas aeruginosa）分别经口腔感染果蝇。在第一

次感染完全消退后进行再次感染，然后通过比较果蝇在两个感染阶段的存活率和细菌量来衡量训练免疫的潜在效果。通过

实时荧光定量 PCR 检测相应先天免疫相关基因的表达水平，研究革兰氏阴性菌对免疫缺陷（IMD）通路的诱导作用。       

结果　果蝇成虫及幼虫初次感染均可提高二次感染后的生存率、细菌清除效率及死亡时能承受的最高细菌负荷；二次感染

的果蝇中，IMD通路中免疫反应基因的基础表达比未感染的高，这提供了获得感染抗性的分子基础；果蝇的免疫反应主要

发生在中肠，二次免疫比初次免疫的效应更迅速且剧烈；二次免疫的果蝇中，肠道干细胞的数量显著多于初次感染。       

结论　果蝇肠道中强大的训练免疫可由同源或异源革兰氏阴性菌口腔感染引发，且免疫记忆可在整个发育阶段持续存在；

其可能作用于染色质，通过染色质修饰将免疫记忆储存在相关基因位点。免疫记忆跨发育阶段传递的一种潜在方式是通过

肠道干细胞的 JNK/STAT通路激活，这些干细胞可能在从幼虫到成虫的发育阶段携带免疫印记。 
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