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Abstract: Drug discovery is a complex process, and the use of a comprehensive approach is deemed
necessary to discover new chemical entities with novel mechanisms of action. This research was
carried out to determine whether Drosophila melanogaster can serve as an appropriate model organism
in the initial screening of drug candidates with immunomodulatory activities. To test this, we per-
formed phenotypic assay and molecular analysis to investigate the immunomodulatory activities of
aspirin, dexamethasone, curcumin, and epigallocatechin gallate (EGCG), that have been reported to
yield such effects in the mammalian model system. In vivo survival analysis demonstrated that all
drugs/compounds were relatively safe at the tested concentrations. In the infection assay, curcumin
and EGCG showed a protective signature to bacterial infection in flies lacking Toll-mediated immune
responses. Furthermore, dexamethasone and aspirin, drugs with immunosuppressive activity, could
improve the survival of PGRP-LB∆ mutant flies with hyperactivated immune system. These phe-
notypes were supported by RT-qPCR-based molecular analysis, revealing that drugs/compounds
used in this study could modulate the expression level of genes related to the immune system. In
conclusion, while curcumin and EGCG could promote the improvement of fly survival against
infection, aspirin and dexamethasone were able to suppress overactivation of immune responses in
D. melanogaster. These results are in line with the ones observed in the mammalian model system,
further emphasizing the notion that flies would serve as a prospective model organism in the initial
screening of drug candidates for their immunomodulatory activities prior to further checking in the
mammalian animal models. In the end, this will reduce the use of mammalian animal models for
preliminary experiments in an effort to discover/repurpose drugs with immunomodulatory activity.

Keywords: fruit flies; immunomodulators; in vivo; drug discovery; drug repurposing

1. Introduction

Drug discovery is a complex process, and the use of a comprehensive approach is
deemed necessary to discover new chemical entities with novel mechanisms of action from
nature [1]. With regard to this, the current approach used in the discovery of new im-
munomodulators is a combination of in silico, in vitro, and in vivo pre-clinical experiments
in appropriate animal models prior to clinical testing in humans [2,3].

Immunity is defined as the action of host immune defenses against diverse types of
pathogens and other non-self-entities capable of causing immune-related disorders [4]. The
immune system plays an important role in health; a host with impaired immunity will
be more susceptible to severe infections that may culminate in a life-threatening event [4].
Therefore, stimulation of host immune responses to certain antigens/pathogenic cues
through vaccination is the most effective method of protecting a host from infection [4].
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In addition, activation of host innate cellular and humoral immunity by agonists with
immunomodulatory activities has been a pertinent approach to developing a rapid and
broad protective effector against pathogenic microbes [3].

In contrast, problems related to unwanted immune activation such as autoinflamma-
tory/autoimmunity disorders occur due to catastrophic failure in the self and non-self-
recognition [4]. Immunosuppressive agents with anti-inflammation feature can be used
to tackle the problems. A common phenotypical effect of such drugs is achieved by the
inhibition of inflammation, either by direct inhibition of receptors/molecules responsible in
the stimulation of inflammation or by downregulating the expression of pro-inflammatory
cytokines [5]. Therefore, drug candidates with such potentials would play distinct roles in the
treatment of hyperimmune activation-related disorders. However, with our current approach,
discovering new chemical entities with novel mechanisms of action seems challenging.

The immune system of humans shows similarities with that of animal models, such as
mice, rats, and fruit flies (Drosophila melanogaster) [6–8]. Drosophila melanogaster has similar
signaling pathways to the human immune system, such as Toll and IMD, which are linked
to the transcription factor nuclear factor-kB (NF-kB), JAK/STAT, apoptosis, autophagy,
and RNA interference (RNAi) [7]. As a model organism, the fruit fly offers numerous
advantages for use as an in vivo system in the screening of immune-related drugs [9]. In
addition, the fruit fly is easy and relatively cheap to nurture compared to other model
animals [6,9] and female flies can produce a large number of offspring in a short period of
time enabling large-scale experiments within a short duration. Furthermore, fruit flies have
a short life span (approximately 2–3 months) and can be used in research without requiring
any ethical clearance [9].

One of the most important points of using Drosophila melanogaster as a model organism
in immunology-related research is the availability of mutant and/or transgenic lines that
can be used as immunodeficient models that lack certain immune phenotypes [9]. In
addition, the absence of an adaptive immune system in fruit flies [7,8] shall provide an
ideal in vivo condition to study the pharmacological regulation of innate immunity at
the cellular and molecular levels in order to discover potential candidates with immunos-
timulatory or immunosuppressive activities. In addition to that, the use of fruit flies as
a model organism in drug discovery has been explored by many groups worldwide. In
fact, translational relevance of D. melanogaster in drug discovery and drug repurposing
has been suggested as many drugs yielded similar pharmacological effects in both fruit
flies and humans [10]. While this model organism is not yet widely used in the drug
discovery and drug repurposing efforts, the accumulation of publications in the last two
decades suggested the potential of this tiny insect in the drug discovery platform due to
its genomic simplicity, and the fact that it is easy to use, presents fewer ethical issues and
has excellent financial considerations [9,10]. Hence, we proposed the use of D. melanogaster
as a model organism to screen and examine the potential effect of drug candidates with
immunomodulatory activities.

In this study, we carried out experiments using two FDA-approved drugs, aspirin
(acetylsalicylic acid, ASA) and dexamethasone, which have been reported to yield im-
munosuppressive effects in several animal models including humans [11–18]. We ought to
examine whether a similar immunoinhibitory effect can be observed in our D. melanogaster
model system. In addition, we also performed in vivo experiments to examine whether
certain compounds that have been widely investigated in the field of immunology can also
modulate the fly immune system. Therefore, we decided to assess the immunomodulatory
effect of curcumin and epigallocatechin gallate (EGCG). However, it is important to note
that both curcumin and EGCG have been intriguingly reported to exert both immunos-
timulatory and immunosuppressive effects in the mammalian animal models [19–23]. As
there is no cue yet on whether these compounds can exert any effects on the fly immune
system, we believe that the use of compounds with such dual intriguing effects are suitable
to provide insights into the potential of the D. melanogaster platform to investigate the
immunopharmacological effect of drug candidates.
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2. Materials and Methods
2.1. Fly Stocks and Maintenance

Drosophila melanogaster genotype Oregon R (wild type) and several mutant flies lacking
Toll-mediated immune system (psh[1];;modSP[KO] or with NF-κB hyperactive immune
system (PGRP-LB∆) were obtained from the Laboratory Host Defense and Responses
(Kanazawa University, Japan). All flies were maintained in normal fly food and stored at
25 ◦C for more than 20 inbred generations in our laboratory.

2.2. Bacterial Strain and Fly Infection Experiment

Bacterial infection experiments were carried out using a 24-hour-old culture of Staphy-
lococcus aureus ATCC 29213. Staphylococcus aureus was used as the pathogen that can inflict
a serious outcome on the mutant of D. melanogaster lacking Toll-mediated immune re-
sponses (psh[1];;modSP[KO]). The bacterial inoculum was collected, washed carefully with
phosphate-buffered saline (PBS), diluted equal to 0.5 McFarland density, and suspended in
PBS before use. Fly infection experiment was performed on the thorax of D. melanogaster
by using the pricking method, as described previously [24–27]. Briefly, adult male fruit
flies that were 4–7 days old (30 flies per group of treatment) were pricked using a tungsten
fine needle that had been previously dipped in the S. aureus culture (100-fold dilution
of 0.5 McFarland density). All pricked flies were maintained at 29 ◦C and subjected to
assessment on fly survivorship, as described previously [24–27].

2.3. Survival Assay of Drosophila Melanogaster

The maximum lifespan of all fly genotypes was assessed before drug treatment. This
is very important before conducting a survival test in the presence of the test sample.
In this study, fly survival analysis was performed in the presence or absence of drug
candidates. Flies aged 2–4 (PGRP-LB∆) or 4–7 days old (Oregon R and psh[1];;modSP[KO])
post exclusion from the pupal cases were used. Flies were maintained in the Drosophila
vials that contained fly food with drugs/compounds at certain concentrations. Flies were
transferred every three days to new vials containing freshly prepared normal fly food (in
the presence or absence of drugs/compounds) and stored at 25 ◦C until the end of the
experiments. In some experiments, infection using S. aureus was carried out in the presence
or absence of drug candidates. For the infection experiment, flies were maintained at
29 ◦C until the end of the experiments. In the assessment of fly survival during infection,
S. aureus-pricked flies were maintained in the presence or absence of drug candidates
and the number of surviving/dead flies in each group was recorded daily during the
experiment.

2.4. Gene Expression Analysis

All fly lines were collected separately and transferred to the allocated vials (15 male
flies). In this assay, RNA isolation was carried out using a minimum of five live flies. Total
RNA from the whole body of flies was extracted using RNA Isolation System (Promega)
according to the manufacturer’s protocol. The levels of Drosomycin (Drs) and Diptericin (Dpt)
expression were quantitatively determined using the reverse transcriptase quantitative
PCR (RT-qPCR) method. The RT-qPCR assay was performed in a 20 µL reaction volume
using GoTaq® 1-Step RT-qPCR System (Promega) as per the manufacturer’s instructions. To
confirm that only the expected product had been amplified, a standard melt curve analysis
was carried out in every run. Using a similar RT-qPCR protocol, the RNA level of host
ribosomal protein rp49 (used as an internal control) was examined by using one set of rp49
primer (sequence of rp49 forward primer: 5’-AGA TCG TGA AGA AGC GCA CCA AG-3’
(23-mer) and the sequence of rp49 reverse primer: 5’-CAC CAG GAA CTT CTT GAA TCC
GG-3’ (19-mer). Rotor-Gene Q thermal cycler (Qiagen, Germany) was operated with the
following profile: 37 ◦C for 15 min, 95 ◦C for 10 min, and 40 cyclic repeats of 95 ◦C for 10 s
and 60 ◦C for 30 s, and 72 ◦C for 30 s.
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2.5. Data Analysis

Results obtained from at least three independent biological replicates were processed
using GraphPad Prism® 8. Data obtained in the survival assay were summarized as
a Kaplan–Meier graph and analyzed statistically using the Log Rank approach. The
calculated level of mRNA obtained in this study was prepared as a bar graph and analyzed
statistically using one-way ANOVA followed by Tukey HSD post hoc analysis. For all
statistical analyses, data were presented as mean ± S.D, and p values of less than 0.05 were
considered statistically significant.

3. Results
3.1. The Lifespan of Drosophila Melanogaster Is Associated with Its Genotypical Characteristics

Before being used in the experiment, the maximum lifespan of all fly genotypes was
assessed. This is very important before conducting a survival test in the presence of the test
samples (i.e., drug candidates). Through this experiment, the duration of the experiment
can be predicted. Based on our result, Oregon R had a lifespan of about 60 days and various
mutants tested in this study had varying lifespans, with PGRP-LB∆ having the lowest
survival rate (Figure 1). As we can see in Figure 1, immunodeficient mutants (imd1 and
the psh[1];;modSP[KO]) can live with lifespans approaching normal flies. Immunodeficient
mutant imd1 is a mutant line lacking a component of immune deficiency (imd) pathway
responsible in the regulation of the antibacterial response against Gram-negative bacteria,
and psh[1];;modSP[KO]) is a mutant line lacking persephone (Psh) and modular serine
proteases (modSP) that are responsible in the activation of innate immune defenses against
Gram-positive bacteria [7]. In this study, fruit fly survival decreases in the absence of
PGRP-LB. PGRP-LB is a protein that prevents over-activation of the NF-κB (Imd) pathway,
thus the natural immune system of fruit flies (and also mammals, including humans) can
be maintained in a homeostatic condition [28].
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Figure 1. The lifespan of several lines of Drosophila melanogaster. Male flies of different lines were
maintained at 25 ◦C in normal fly food. The numbers of surviving and dead flies were recorded daily,
and fly survivorship was analyzed using a Kaplan–Meier Log Rank approach.

3.2. Aspirin and Curcumin Improve the Lifespan of Wild-Type Drosophila melanogaster

In this study, we used two FDA-approved drugs (aspirin and dexamethasone) and
two active compounds isolated from natural ingredients (curcumin and EGCG) which have
been sold commercially. Pharmacological assessment of drugs/compounds was started
using the Oregon R genotype (wildtype). This was carried out to determine the proper
concentration of the drugs/compounds to be used in the further experiments. At the same
time, this experiment was carried out to examine whether the drug concentrations used in
the experiments were at the toxic level or not.

In this experiment, adult Oregon R flies aged 4–7 days old were used as the test flies
and drugs/compounds were given orally by food with concentrations depending on each
compound. The results demonstrated that drugs/active compounds tested in this study did
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not cause early death in Oregon R flies at all concentrations tested in this study (Figure 2).
What is more, aspirin and curcumin, to a greater extent, could improve the lifespan of
Oregon R flies.
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Figure 2. The lifespan of adult males of Oregon R in the presence or absence of aspirin (A), dexam-
ethasone (B), EGCG (C), and curcumin (D). For each survival experiment, adult males of Oregon
R aged 4–7 days old were maintained at 25 ◦C in fly food containing the respective drug/active
compounds. The numbers of surviving and dead flies were recorded daily, and fly survivorship was
analyzed using a Kaplan–Meier Log Rank approach. ASA, Aspirin; Dexa, Dexamethasone; EGCG;
epigallocatechin gallate.

3.3. Curcumin and EGCG Provide Antibacterial Protection against Staphylococcus aureus

In this experiment, we used two active compounds isolated from natural ingredients,
curcumin and EGCG. These two compounds have been reported for their immunomodula-
tory activities in mammals [19–21,29,30] as well as their antibacterial activities [31–33]. We
have shown that D. melanogaster can be used to screen for drug candidates with antibacte-
rial activities [24–27,34,35]. In this study, we extend our study to investigate whether D.
melanogaster can be used as an initial model organism to screen for immunostimulants and
antibacterial drugs candidates before further examination in the mammalian animal models.
To do so, we carried out survival analysis on immunodeficient flies (psh[1];;modSP[KO]) in
the presence or absence of either curcumin or EGCG, under S. aureus challenge.

Assuming that curcumin exerts immunomodulatory activity via NF-κB activation (as
has been reported in the mammalian animal model), then mutants without a functional
NF-κB signaling pathway shall not live longer upon S. aureus infection. In this experiment,
psh[1];;modSP[KO] mutant flies (this genotype has been known to be susceptible to S. aureus
infection due to non-functional NF-κB-mediated immune reaction) were treated with cur-
cumin at different concentrations. As can be seen in Figure 3A, curcumin can increase the
survival of S. aureus-infected mutant flies (devoid of Toll-mediated innate immune system)
at all tested concentrations used in this study, suggesting that curcumin exerts in vivo an-
tibacterial properties against S. aureus. A similar result was obtained using EGCG as a tested
compound. EGCG can improve the survival of S. aureus-infected psh[1];;modSP[KO] flies,
indicating that EGCG also exerts in vivo antistaphylococcal properties in D. melanogaster
(Figure 3B).
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Figure 3. The lifespan of adult males of psh[1];;modSP[KO] in the presence or absence of cur-
cumin (A) or EGCG (B) under bacterial challenge. For each survival experiment, adult males
of psh[1];;modSP[KO] at 4–7 days old were infected with S. aureus and maintained at 29 ◦C in fly food
containing the respective drug/active compounds. The numbers of surviving and dead flies were
recorded daily, and fly survivorship was analyzed using a Kaplan–Meier Log Rank approach. EGCG;
epigallocatechin gallate, SA; Staphylococcus aureus.

3.4. Curcumin and EGCG Downregulate the NF-κB-Mediated Immune Response in
D. melanogaster

To test whether curcumin and EGCG can exert immunomodulatory activity in D.
melanogaster, we sought to examine the expression profile of NF-κB-related gene in the
Oregon R line of D. melanogaster. Activation of the immune system via NF-κB in the Oregon
R flies is expected to trigger a better host defense against S. aureus infection. With this in
mind, the additional antibacterial effect of curcumin shall promote a better fly survival post-
infection with S. aureus than that seen in the psh[1];;modSP[KO] NF-κB-immunodeficient
mutant. However, in this study, we observed that the expression of Drs, an antimicrobial
peptide released in response to Gram-positive infection, was downregulated in the presence
of curcumin at all tested concentrations (Figure 4A) while the expression of this gene was
modulated in a concentration-dependent manner upon EGCG treatment (Figure 4B) in
Oregon R flies. These results indicate that curcumin and EGCG exert antibacterial activity
against S. aureus as well as immunomodulatory activity, which in the end will influence the
phenotypical feature observed in the infected mutant flies.

3.5. Aspirin and Dexamethasone Improve the Lifespan of Flies with Hyperactive
Immune Phenotype

In this study, we used two FDA-approved drugs, aspirin and dexamethasone, that
have been reported to yield immunosuppressive activity [11,36–38]. We tested the im-
munosuppressant activity of aspirin and dexamethasone using PGRP-LB∆ flies with NF-
κB-associated immune hyperactivation (autoinflammatory model). Survival testing was
carried out to see whether the concentration of aspirin or dexamethasone used in this study
could reduce the risk of early death in the PGRP-LB∆ flies. Adult PGRP-LB∆ aged 2–4 days
old were used as test flies and drugs were orally given to flies, with concentrations depend-
ing on each test compound. As can be seen in Figure 5, the survival of PGRP-LB∆ was
improved dramatically upon drug treatment, indicating that aspirin or dexamethasone can
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ameliorate the early death phenotype of PGRP-LB∆ flies at the tested concentrations. These
results further implicate that both drugs might exert their immunosuppressive activity via
inhibition of the NF-κB pathway of D. melanogaster.
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RNA isolation and subsequently followed by RT-qPCR for quantification of Drs mRNA level. The
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** p < 0.01, *** p < 0.001.

Sci. Pharm. 2022, 90, x FOR PEER REVIEW 8 of 13 
 

 

 268 

Figure 5. Survivorship of adult males of PGRP-LBΔ in the presence or absence of aspirin (A) or dex- 269 
amethasone (B). For each survival experiment, adult males of PGRP-LBΔ at 2–4 days old were main- 270 
tained at 25 °C in fly food containing the respective drug/active compounds. The numbers of sur- 271 
viving and dead flies were recorded daily, and fly survivorship was analyzed using a Kaplan–Meier 272 
Log Rank approach. ASA, Aspirin; Dexa, Dexamethasone. 273 

3.6. Downregulation of Innate Immune-Related Target Genes in D. melanogaster by Aspirin and 274 

Dexamethasone 275 

To test whether dexamethasone or aspirin can downregulate the expression of NF- 276 

κB-related genes, we carried out an RT-qPCR experiment using RNA samples of PGRP- 277 

LBΔ treated with these drugs, separately. Genes measured in this study were Drs (Toll 278 

pathway) and Dpt (Imd pathway). These two genes represent the immune system of the 279 

Toll and Imd pathways, two main pathways in the fruit fly immune system that are ho- 280 

mologous to the NF-κB pathway of humans. The results (Figure 6) demonstrated that in- 281 

gestion of dexamethasone, but not aspirin, reduced the expression of Drs. In addition, 282 

both aspirin and dexamethasone can suppress the expression of Dpt in D. melanogaster, 283 

further supporting the notion that these drugs might improve the survival of PGRP-LBΔ 284 

flies via the inhibition of the NF-κB (Imd) pathway of D. melanogaster.  285 

Figure 5. Survivorship of adult males of PGRP-LB∆ in the presence or absence of aspirin (A) or
dexamethasone (B). For each survival experiment, adult males of PGRP-LB∆ at 2–4 days old were
maintained at 25 ◦C in fly food containing the respective drug/active compounds. The numbers of
surviving and dead flies were recorded daily, and fly survivorship was analyzed using a Kaplan–
Meier Log Rank approach. ASA, Aspirin; Dexa, Dexamethasone.
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3.6. Downregulation of Innate Immune-Related Target Genes in D. melanogaster by Aspirin
and Dexamethasone

To test whether dexamethasone or aspirin can downregulate the expression of NF-κB-
related genes, we carried out an RT-qPCR experiment using RNA samples of PGRP-LB∆

treated with these drugs, separately. Genes measured in this study were Drs (Toll pathway)
and Dpt (Imd pathway). These two genes represent the immune system of the Toll and
Imd pathways, two main pathways in the fruit fly immune system that are homologous
to the NF-κB pathway of humans. The results (Figure 6) demonstrated that ingestion of
dexamethasone, but not aspirin, reduced the expression of Drs. In addition, both aspirin and
dexamethasone can suppress the expression of Dpt in D. melanogaster, further supporting
the notion that these drugs might improve the survival of PGRP-LB∆ flies via the inhibition
of the NF-κB (Imd) pathway of D. melanogaster.
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Figure 6. Expression of Drs and Dpt in the adult males of PGRP-LB∆ in the presence or absence of
aspirin (A,B) or dexamethasone (C,D). For each experiment, adult males of PGRP-LB∆ at 2–4 days
old were maintained at 25 ◦C in fly food containing the respective drugs. These flies were subjected
to total RNA isolation and subsequently followed by RT-qPCR for quantification of Drs and Dpt
mRNA levels. The expression level of rp49 was used as the reference control. ASA, Aspirin; Dexa,
Dexamethasone; NS, Non-Significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

In this study, we demonstrated that D. melanogaster is a prospective model to screen
immunomodulatory drug candidates and at the same time also demonstrate whether such
candidates also exert antibacterial potency. We observed that curcumin and EGCG showed
a protective signature against bacterial infection in flies lacking Toll-mediated immune
responses. Furthermore, dexamethasone and aspirin could suppress the immune activities
of PGRP-LB∆ mutant flies with the hyperactivated immune system and, therefore, improve
their survival. All the tested substances were able to modulate the expression level of genes
related to the immune system.
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In this study, we examined the immunomodulatory activities of two synthetic drugs
and two natural products, which have been previously reported to exert such effect in the
mammalian animal models [37,39–41]. Our results demonstrated that the potentials of
mammalian-proven immunomodulatory drugs/compounds can also be seen in the inver-
tebrate D. melanogaster model, suggesting that there is a high chance that D. melanogaster
can be used as an appropriate model to screen immunomodulatory substances either from
a repurposed drug or from natural compounds before further tests on the mammalian
animal models in the drug discovery pipeline.

Curcumin has been known to induce the activation of innate (macrophages, neu-
trophils, natural killer cells, and dendritic cells) as well as adaptive (T cells and B cells)
immune responses. Intriguingly, curcumin has also been reported to suppress the expres-
sion of several pro-inflammatory cytokines such as interleukins (IL-1, IL-2, IL-6, IL-8, and
IL-12), TNF-α, and chemokines via the inhibition of the transcription factor NF-κB activa-
tion [40]. Furthermore, a previous report demonstrated the immunomodulation of T cell
activation by EGCG [41] but remains inconclusive on the modulation of NF-κB signaling
pathways. In this study, we observed interesting results in the expression profile of Drs
in the Oregon R flies upon incubation with EGCG containing fly food. The presence of a
low concentration of EGCG (0.001%) in the fly food could stimulate the expression of Drs
in the Oregon R flies. On the contrary, higher concentrations of EGCG (0.01% and 0.1%)
in the fly food were resulted in the downregulation of Drs expression. While the reason
remains unknown, our result suggested that EGCG could modulate fly immune system in
a dose-dependent manner and the resulting effect can differ considerably. This data might
provide a hint regarding the conflicting results on the immunomodulatory effect of EGCG
in the mammals.

As good examples of well-known pharmaceuticals, aspirin and dexamethasone have
been reported to yield immunosuppressive effects on the innate and adaptive immune
responses [37,39]. Aspirin can suppress the neutrophil-mediated immunity by decreasing
their extravasation, a distinctive step in the innate immunity, and exert a dose-dependent
inhibition of T cells proliferation as a part of its negative effect on the adaptive immune
system [39]. Moreover, dexamethasone has been reported to negatively modulate the
activity of T cells leading to reduction of naïve T cell proliferation and differentiation. This
is mainly achieved via alteration of the CD28 co-stimulatory pathway [37].

An interesting result was also observed in the survival of PGRP-LB∆ flies. The loss
of PGRP-LB has resulted in the decline of survival rate of D. melanogaster. Based on
previous report by Paredes et al. (2011), PGRP-LB provides antibacterial protection against
gut innocuous infection and is important in the homeostatic maintenance of the Imd
pathway. They observed that the loss of PGRP-LB diminishes such protection, leading
to immediate death upon bacterial challenge [28]. The authors suggested that the cause
of early death phenotype probably resulted from the overactivation of the Imd pathway,
either due to bacterial challenge or the presence of immune-stimulatory ligands such as
peptidoglycans released from dead bacteria. Intriguingly, we did not use live bacteria or
any bacterial component in the assay involving PGRP-LB∆ flies. The reason for this early
death phenotype remains uncertain, but it is tempting to speculate that this might not relate
to the presence of bacterial components in the fly food, as we used the same fly food for
immunodeficient fly lines (psh[1];;modSP[KO] and imd1) as well.

The results reported in the mammalian pre-clinical studies, to a greater extent, are simi-
lar to what we observed in this study, thus reinforcing the idea that a simplified invertebrate
model such as D. melanogaster may respond in a similar fashion upon the introduction of
immunomodulatory agents. While it is quite early to make assumptions about the detailed
mechanisms of action of the tested drugs in D. melanogaster without carrying out further
experiments, the results of this study warranted subsequent investigations.

To improve the animal welfare, replacing the high-order animal model with a low-
order animal model is strongly recommended, whenever possible [42]. In this case, the use
of fruit fly D. melanogaster has attracted numerous innovations and opened new horizons
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in the study of human diseases and drug discovery [6,9,10], including in the study of
coronavirus disease (COVID-19) [43–45]. Invertebrate model organisms, such as the fruit
fly, are deemed to feel less pain and distress than the mammalian models, as suggested by
the National Centre for the Replacement Refinement & Reduction of Animals in Research
(NC3R) [42,46,47]. However, it is important to note that the replacement effort should
ensure that the quality of scientific value produced by the alternative model is scientifically
sufficient. Therefore, validation studies are important to assure that the alternative model
can generate reliable knowledge.

Fruit flies have been proven as a good model system for several human diseases [6,9,48,49]
and in some cases have been successfully applied as a model organism in the screening
and evaluation of drug candidates for treating multiple diseases, including cancer [50,51],
infection [52], and neurodegenerative diseases [53,54]. Based on this study, we proposed the
use of D. melanogaster in the initial screening of prospective immunomodulators, especially
the ones that act on the NF-κB pathway, prior to further checking on safety, doses, and other
appropriate pre-clinical features using the mammalian model system. This is to prevent
unnecessary economical loss due to the excessive use of mammalian animals in the initial
testing of drug candidates as well as to manage animal welfare while achieving the in vivo
results at its best condition.

5. Conclusions

In this research, we demonstrated, for the first time, the potential use of D. melanogaster
as an in vivo pre-clinical model organism in the initial screening of drug candidates with
immunomodulatory activities. It would be essential to elucidate the characteristics of
immunomodulatory activities of drug candidates and the impact of such phenotypical
signatures to other physiological characteristics. Our Drosophila model system can serve
as an in vivo high-throughput screening platform to investigate the immunomodulatory
potential of certain samples before testing in higher mammalian model system. Such effort
will help to reduce the number of mammalian animals used in the study and in time, will
reduce the cost of pre-clinical studies required in the drug discovery. In addition, using this
in vivo model system, one might observe additional pharmacological effects (for example
antibacterial activity) and be able to predict the potential adverse or toxicity effect at the
whole-body level, adding beneficial features offered in the in vitro experiments.
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