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Wolbachia pipientis is a maternally transmitted symbiotic
bacterium that mainly colonizes arthropods, potentially
affecting different aspects of the host’s physiology, e.g., repro-
duction, immunity, and metabolism. It has been shown that
Wolbachia modulates glycogen metabolism in mosquito Aedes
fluviatilis (Ae. fluviatilis). Glycogen synthesis is controlled by
the enzyme GSK3, which is also involved in immune responses
in both vertebrate and invertebrate organisms. Here we
investigated the mechanisms behind immune changes medi-
ated by glycogen synthase kinase β (GSK3β) in the symbiosis
between Ae. fluviatilis and W. pipientis using a GSK3β inhib-
itor or RNAi-mediated gene silencing. GSK3β inhibition or
knockdown increased glycogen content and Wolbachia popu-
lation, together with a reduction in Relish2 and gambicin
transcripts. Furthermore, knockdown of Relish2 or Caspar
revealed that the immunodeficiency pathway acts to control
Wolbachia numbers in the host. In conclusion, we describe for
the first time the involvement of GSK3β in Ae. fluviatilis im-
mune response, acting to control the Wolbachia endosymbiotic
population.

In the last 2 decades, a vast array of data revealed that most
metazoans are essentially a complex community of microor-
ganisms associated with a metazoan host body. Animals are no
longer considered completely biologically autonomous and
isolated individuals, given the presence of symbionts that act to
complement metabolic pathways and multiple physiological
functions (1, 2). Symbionts, specifically bacteria, can play
important roles in the metabolism and reproduction of ar-
thropods (3–5). It is now largely recognized that symbionts
exert important influence on the host immune response while
maintaining a persistent infection (6, 7).

In insects, the innate immune response is driven by the
three most intensively studied signaling pathways, namely Toll,
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immunodeficiency (Imd), and Jak/Stat pathways (8, 9). In
mosquitoes, the Toll and Imd pathways activate two distinct
nuclear kappa B-like transcription factors, Relish 1 (REL1) and
Relish 2 (REL2), respectively, while the Jak/Stat pathway acti-
vates Stat (10–13). The activation and nuclear translocation of
these transcription factors positively regulate the expression of
antimicrobial peptides (AMPs) (8, 14, 15). In insect–bacterial
symbiosis, AMPs are specific factors produced by the host’s
immune system to modulate the symbiont population, thus
keeping control over the microbiota (16–18).

Endosymbionts can influence metabolic and immune
pathways while coevolving with its host insect. The endo-
symbiont Wolbachia pipientis is a widespread endosymbiotic
alphaproteobacterium that has been associated with several
signaling pathways and can impact the metabolism, immunity,
and fitness improvement in different hosts, including insects,
isopods, spiders, as well as filarial nematodes (19–21). This
diversity of effects triggered by Wolbachia underlies the in-
terest it attracts as a subject for symbiont/host interaction
studies.

Previous research by our group has shown that natural
infection of the mosquito Aedes fluviatilis by the Wolbachia
wFlu strain is implicated in changing the immune response
and glycogen metabolism of the host (22–24). Embryonic cells
from Ae. fluviatilis infected with Wolbachia (wAflu1) respond
differently to an immunological challenge with heat-killed
bacteria when compared with cells without Wolbachia (23).
Furthermore, developing embryos and wAflu1 cells have
higher glycogen content when compared to Wolbachia-free
controls (22, 23); this finding led us to focus on glycogen
synthase kinase β (GSK3β), a canonical regulator of glycogen
synthesis, acting on glycogen synthase (GS) (25). GSK3β
knockdown increased glycogen and positively modulated
Wolbachia in Ae. fluviatilis embryos (22). In addition to con-
trolling glycogen synthesis, GSK3β has been associated with
immune functions in vertebrates and invertebrates (26–29). In
the present work, we describe an immune-metabolic crosstalk
between the GSK3β and immunological signaling, impacting
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Wolbachia symbiosis immunometabolism
glycogen content, as well as the Imd pathway-mediated im-
mune response controlling Wolbachia infection in its natural
host.
Results

GSK3β influences glycogen content and Wolbachia population
in wAflu1 cells

To explore the potential impact of Wolbachia infection on
GSK3β transcription and glycogen synthesis in Ae. fluviatilis
mosquitoes, we conducted a comparison using embryonic cell
lines from naturally infected individuals (wAflu1) or devoid of
Wolbachia by tetracycline treatment (wAflu1.tet) (Fig. S1A).
To establish Wolbachia-free cell culture (wAflu1.tet), wAflu1
cells were treated with 10 μg/ml of tetracycline during three
passages, with three days intervals in the absence of the anti-
biotic to allow for cell recovery. After Wolbachia removal, the
cells were maintained antibiotic-free for at least two passages
before performing experiments. The presence of Wolbachia
was confirmed by PCR amplification of a 650-bp fragment
using primers specific to the gene coding for Wolbachia sur-
face protein (WSP) (Fig. S1B). Additionally, RT-qPCR analysis
was carried out, revealing the absence of WSP transcripts in
Figure 1. GSK3β activity affects glycogen content and increases Wolbach
sentation (created with BioRender.com) summarizing the role of GSK3β in g
phorylating glycogen synthase (GS); when GSK3β is phosphorylated, it becom
amplified by RT-PCR using cDNA from cell lines with or without Wolbachia (wA
(n = 3). Quantitative PCR was analyzed by t test; asterisks indicate significant di
independent biological samples with three experimental replicates and analy
design, and both cell lines were treated with 500 nM of alsterpaullone, a chem
three independent biological samples with three experimental replicates each.
multiple comparison test. Asterisks indicate significant differences (***p < 0.00
cDNA from each cell line. mRNA levels are expressed as mean ± SD (n = 3) (***
from wAflu1 cell line. Relative quantification (WSP/RP49) is expressed as mean
differences (****p < 0.0001). GSK3β, glycogen synthase kinase β; WSP, Wolba
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tetracycline-treated cells (Fig. S1C). Wolbachia presence was
monitored throughout all the experiments.

GSK3β downregulates glycogen synthesis by phosphory-
lating and inactivating GS (Fig. 1A). We investigated whether
Wolbachia interfered with transcription of GSK3β gene as
detected by RT-qPCR. The relative quantification of GSK3β
transcripts revealed approximately 0.5-fold decrease in GSK3β
transcripts (Fig. 1B), together with an increase in glycogen
content (Fig. 1C) in the Wolbachia-positive wAflu1 cells
compared with Wolbachia-free cells.

To further explore GSK3β role in glycogen metabolism and
Wolbachia population, we used the chemical inhibitor alster-
paullone (Fig. 1D). The exposure time and inhibitor concen-
tration for this experiment were defined in a preliminary
viability assay (3-(4,5-dimethylthiazol-2-yl) −2,5-
diphenyltetrazolium bromide [MTT]) and glycogen quantifi-
cation (Fig. S2, A and B). We chose to proceed with the
treatment with 500 nM alsterpaullone for 24 h because these
conditions resulted in an increase of about 100% in glycogen
content with no significant decrease in cell viability (Fig. S2, A
and B). GSK3β inhibition increased glycogen content by 50%
in wAflu1 cells and 70% in wAflu1.tet cells (Fig. 1E). The
wAflu1 cells had more glycogen than wAflu1.tet cells, but
ia population in Ae. fluviatilis embryonic cell lines. A, schematic repre-
lycogen synthesis. GSK3β negatively controls glycogen synthesis by phos-
es inactive, favoring glycogen synthesis. B, GSK3β transcript fragment was
flu1 and wAflu1.tet, respectively). mRNA levels are expressed as mean ± SD
fferences (****p < 0.0001). C, glycogen quantification was performed on five
zed by t test (****p < 0.0001). D, schematic representation of experimental
ical inhibitor of GSK3β, during 24 h. E, glycogen content was measured in

Statistical analysis was performed by two-way ANOVA followed by the Tukey
1; **p < 0.05). F, GSK3β transcript fragment was amplified by RT-PCR using
p < 0.001; **p < 0.05), and G, WSP gene was quantified by qPCR using DNA
± SD (n = 3). Results were analyzed by t test; asterisks indicate significant

chia surface protein.
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glycogen levels increased upon alsterpaullone treatment in
both cell lines. (Fig. 1E). In addition to inhibiting GSK3
enzymatic activity, alsterpaullone treatment reduced GSK3β
transcript levels in both cell lines (Fig. 1F). The GSK3 inhibitor
also increased Wolbachia population in wAflu1 cells, doubling
WSP transcript levels (Fig. 1G).
The presence of Wolbachia induces changes in the
transcription of immune genes in Ae. fluviatilis

We analyzed two transcription factors (Rel1 and Rel2)
activated by Toll and Imd pathways, respectively. In addition,
we analyzed their respective negative regulators Cactus and
Caspar and downstream effectors genes, such as AMPs
(Fig. 2A), namely defensin, cecropin, and gambicin. We
observed that in the absence of Wolbachia, there were no
significant changes in the relative quantification of REL1
(Fig. 2B) and REL2 (Fig. 2C) transcripts, whereas a reduction
in the transcription of Cactus (0.8-fold, Fig. 2D) and Caspar
(0.6-fold, Fig. 2E) was observed in tetracycline-treated cells.
Interestingly, levels of defensin transcripts were not influ-
enced by Wolbachia presence (Fig. 2F), while cecropin tran-
scripts were upregulated (2-fold, Fig. 2G), and gambicin
transcript levels were decreased (0.5-fold, Fig. 2H) in the
absence of Wolbachia, suggesting a complex interaction be-
tween Wolbachia and the transcription of host immune
genes.
Figure 2. Transcription of immune genes is modulated by Wolbachia in A
BioRender.com) summarizing the Toll and Imd immune pathways. When the T
result in the phosphorylation and degradation of Cactus, a negative regulator
degradation allows REL1 translocation to the nucleus. When the Imd pathwa
cleaved by DREDD. DREDD activity is negatively regulated by Caspar. Activated
factors can activate antimicrobial peptides (AMPs) transcription. B–H, REL1 (B),
transcript fragments were amplified by RT-qPCR using cDNA from cells with o
expressed as mean ± SD (n = 3). RT-qPCR results were analyzed by t test; asteri
PAMPs, pathogen-associated molecular patterns.
Chemical inhibition or knockdown of GSK3β induces changes
in the transcription of immune genes in Ae. fluviatilis

Considering that Wolbachia presence decreased GSK3β
expression and GSK3β inhibition increased Wolbachia pop-
ulation, we hypothesized that GSK3β inhibition could atten-
uate the immune response to favor the presence of
Wolbachia. GSK3β inhibition by alsterpaullone treatment did
not change REL1 or Caspar transcript levels (Fig. 3, A and C).
In contrast, relative levels of REL2 transcripts were signifi-
cantly decreased by about 0.6-fold in both cell lines treated
with alsterpaullone (Fig. 3B). Defensin transcription was
subtly increased in alsterpaullone-treated wAflu1.tet cells
(Fig. 3D), and a higher cecropin expression (approximately 2-
fold) was observed in wAflu1 cells (Fig. 3E). Interestingly, the
transcriptional decrease in REL2 was accompanied by a
reduction in gambicin transcription by about 0.5-fold in both
cell lines (Fig. 3F).

We then used gene silencing by RNAi to further elucidate
the role of GSK3β in wAflu1 cells (Fig. 4A). GSK3β knockdown
produced an 8-fold decrease in GSK3β transcript levels
(Fig. 4B), in line with the reduction of phospho-GSK3β content
observed by Western blot (Fig. 4C). This was followed by a 2.5-
fold increase in glycogen content (Fig. 4D) and a significantly
higher content of Wolbachia (Fig. 4E). Furthermore, we
observed a significant reduction of about 0.6-fold in REL2
(Fig. 4F) and gambicin transcription (Fig. 4G). Interestingly,
e. fluviatilis embryonic cell line. A, schematic representation (created with
oll pathway is activated, it triggers signaling through adapter proteins that
that binds to the transcription factor Relish1 (REL1) in the cytoplasm. Cactus
y is activated, the transcription factor Relish2 (REL2) is phosphorylated and
REL2 translocates to the nucleus. Once inside the nucleus, both transcription
REL2 (C), Cactus (D), Caspar (E), defensin (F), cecropin (G), and gambicin (H)
r without Wolbachia (wAflu1 and wAflu1.tet, respectively). mRNA levels are
sks indicate significant differences (****p < 0.0001). Imd, immunodeficiency;
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Figure 3. GSK3β activity reduces levels of REL2 and gambicin transcripts in Ae. fluviatilis embryonic cell line. A–F, REL1 (A), REL2 (B), Caspar (C),
defensin (D), cecropin (E), and gambicin (F) transcript fragments were amplified by RT-qPCR using cDNA cells with or without Wolbachia (wAflu1 and
wAflu1.tet, respectively). mRNA levels are expressed as mean ± SD (n = 3) and were analyzed by two-way ANOVA followed by Sidak’s multiple comparison
test (****p < 0.0001; ***p < 0.001; *p < 0.5). G, schematic representation (created with BioRender.com) summarizing the effect on immune gene tran-
scription as a result of GSK3β inhibition. GAMB, gambicin; GSK3β, glycogen synthase kinase β; REL2, Relish 2.

Figure 4. GSK3β knockdown modulates the transcription of immune genes in Ae. fluviatilis embryonic cell line. A, schematic representation of
experimental design: wAflu1 cells were treated with dsGSK3β. B, GSK3β transcript fragment was amplified by qRT-PCR using cDNA from wAflu1 cell lines.
mRNA levels are expressed as mean ± SD (n = 3). C, Western blotting and densitometry for anti-phospho-GSK3β and anti-β-tubulin from two independent
replicates show the effect of dsGSK3β in phosphor-GSK3β content. Data were normalized by the dsGFP results, and expressed in arbitrary units (A.U.), where
each bar shows the mean ± SD. D, glycogen content was analyzed in three independent biological samples with three experimental replicates each, using
the t test. Asterisks indicate significant differences (****p < 0.0001). E, WSP gene was quantified by qPCR using DNA from wAflu1 cell line. Relative
quantification (WSP/RP49) is expressed as mean ± SD (n = 3). F, G, REL2 (F) and gambicin (G) transcript fragments were amplified by RT-PCR using cDNA
from wAflu1 cell lines. mRNA levels are expressed as mean ± SD (n = 3). Quantitative PCR results were analyzed using the t test; asterisks indicate significant
differences (****p < 0.0001). GSK3β, glycogen synthase kinase β; REL2, Relish 2; WSP, Wolbachia surface protein.
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GSK3β gene silencing increased REL1 transcript levels by
about 3-fold (Fig. S3A), while not affecting cecropin (Fig. S3B)
or defensin transcription (Fig. S3C).
The Imd pathway modulates Wolbachia population and
glycogen synthesis in Ae. fluviatilis

Having determined that GSK3β inhibition or knockdown
decreased REL2 and gambicin expression, we next hypothe-
sized that Wolbachia population could be modulated via REL2
and gambicin. To test this hypothesis, we performed REL2
gene knockdown in wAflu1 cells (Fig. 5A). REL2 knockdown
showed a decrease of about 8-fold in REL2 transcript abun-
dance (Fig. 5B), resulting in an 8-fold decrease in gambicin
transcriptional levels (Fig. 5C) and a 2-fold increase in the
Wolbachia marker WSP (Fig. 5D). Furthermore, glycogen
content increased 3.5-fold in REL2-silenced cells (Fig. 5E),
whereas GSK3β expression remained unaltered (Fig. 5F). In
addition, REL2 knockdown induced a 7-fold increase in REL1
transcription together with a 10-fold reduction of cecropin,
but no significant change in defensin (Fig. S3, D–F).

To confirm that Wolbachia population was modulated by
the Imd pathway, we activated this pathway by silencing
Caspar, its negative regulator (Fig. 6A). Caspar knockdown
showed a 0.5-fold decrease in Caspar expression (Fig. 6B). This
was accompanied by an increase in REL2 expression (1.5-fold,
Fig. 6C) and gambicin (2-fold, Fig. 6D). Imd upregulation
AA B

D E

Figure 5. REL2 knockdown induced an increase in Wolbachia population
experimental design; wAflu1 cells were treated with dsREL2. B, C and F, REL2
qPCR using cDNA from wAflu1 cell line. mRNA levels are expressed as mean ±
Relative quantification (WSP/RP49) results are expressed as mean ± SD (n = 3
differences (****p < 0.0001). E, the glycogen content was analyzed in three in
results were analyzed by t test; asterisks indicate significant differences (****p <
surface protein.
resulted in a 0.7-fold decrease in Wolbachia population
(Fig. 6E) and a drastic 80% decrease in glycogen content
(Fig. 6F). GSK3β expression, in contrast, was not affected
(Fig. 6G).
Discussion

W. pipientis is a widespread alphaproteobacterium endo-
symbiont that attracts research interest due to its pleiotropic
effects on the host physiology, leading to a fitness improve-
ment. Previously, we observed that GSK3β knockdown posi-
tively modulated Wolbachia population (22). More recently,
we showed an inverse correlation between the increase in
Wolbachia population and GSK3β expression during Ae. flu-
viatilis oogenesis, supporting our hypothesis that GSK3β is
involved in controlling this bacterial population (24). Here, we
show that GSK3β expression impacts Wolbachia population
and that GSK3β acts as a major regulator of an immune
metabolic network involving the Imd pathway. Wolbachia
downregulates GSK3β transcription, leading to increased
glycogen content, and the lowered GSK3β levels result in REL2
and gambicin decrease, thereby allowing Wolbachia prolifer-
ation and glycogen synthesis (Fig. 7). This indicates that
GSK3β may be an important regulatory hub in the control of
the endosymbiotic Wolbachia population.

Recently, it was demonstrated that overexpression of GSK3β
led to a reduction in the transcription of dorsal (known as REL1
C

F

in Ae. fluviatilis embryonic cell line. A, schematic representation of the
(B), gambicin (C), and GSK3β (F) transcript fragments were amplified by RT-
SD (n = 3). D, WSP was quantified by qPCR using DNA from wAflu1 cell line.
). RT-qPCR data were analyzed using the t test; asterisks indicate significant
dependent biological samples with three experimental replicates each. The
0.0001). GSK3β, glycogen synthase kinase β; REL2, Relish 2; WSP, Wolbachia
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Figure 6. Caspar knockdown induced Wolbachia population decrease in Ae. fluviatilis embryonic cell line. A, schematic representation of experi-
mental design; wAflu1 cells were treated with dsCaspar. B–D and G, Caspar (B), REL2 (C), gambicin (D), and GSK3β (G) transcript fragments were amplified by
RT-qPCR using cDNA from wAflu1 cell line. mRNA levels are expressed as mean ± SD (n = 3). E, WSP was quantified by RT-qPCR using DNA from wAflu1 cell
line. Relative quantification (WSP/RP49) results are expressed as mean ± SD (n = 3). Data were analyzed using the t test; asterisks indicate significant
differences (****p < 0.0001; **p < 0.05). F, the glycogen content was analyzed in three independent biological samples with three experimental replicates
each. Results were analyzed by t test; asterisks indicate significant differences (****p < 0.0001). GSK3β, glycogen synthase kinase β; REL2, Relish 2; WSP,
Wolbachia surface protein.

Wolbachia symbiosis immunometabolism
in mosquitoes) and AMPs in arthropod Litopenaeus vannamei
infected by the white spot syndrome virus. Conversely, both
inhibition and knockdown ofGSK3β resulted in an upregulation
Figure 7. The proposed role of GSK3β in modulating Wolbachia pop-
ulation via glycogen metabolism and Imd pathway. Schematic repre-
sentation (created with BioRender.com) summarizing the relationship
between GSK3β and REL2 in the Wolbachia-mediated metabolic immune
response. We suggest that Wolbachia can induce metabolic changes
leading to GSK3 inhibition. GSK3 inhibition induces glycogen synthesis and
impacts REL2 and gambicin transcription, favoring increased Wolbachia
population. GSK3β, glycogen synthase kinase β; Imd, immunodeficiency;
REL2, Relish 2.
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of dorsal and AMP transcription, indicating its potential
immunological role in countering infection (28, 30). Here, we
observed that GSK3β inhibition (Fig. 3, B, F and G) or knock-
down (Fig. 4, F and G) decreased REL2 and gambicin. This
transcriptional response was accompanied by an increase in
Wolbachia population (Figs. 1G and 4E), revealing that GSK3β
can interferewith the immune response and regulateWolbachia
proliferation. In contrast, GSK3β inhibition by alsterpaullone
did not interfere with REL1 and Caspar expression (Fig. 3,A and
C) but increased cecropin and defensin transcription in wAflu1
and wAflu1.tet cells, respectively (Fig. 3, E and D). GSK3β
knockdown provided distinct results, increasing REL1 tran-
script levels (Fig. S3A). This may be a compensatory response to
the 40% reduction in REL2 transcription (Fig. 4F), considering
that REL2 silencing also caused an increase in REL1 (Fig. S4A).
However, this response was not observed while using alster-
paullone (Fig. 3A). In addition to GSK3, alsterpaullone also in-
hibits cyclin-dependent kinases, which suggests that cyclin-
dependent kinase inhibition could be preventing REL1 activa-
tion in the context of lower GSK3β activity. The GSK3β
knockdown did not interfere with cecropin and defensin tran-
script levels (Fig. S3, B and C). This could be due to the lack of
REL1 activation, as the cells were not challenged with appro-
priate molecular triggers for the Toll pathway. Therefore, we
were unable to precisely correlate a transcriptional profile of
cecropin and defensin with GSK3β activity and that remains a
relevant subject for future research.
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GSK3β knockdown or inhibition induced a downregulation
on REL2 transcription. REL2 in mosquitoes has been impli-
cated in the responses against infectious agents like Plasmo-
dium falciparum, Plasmodium gallinaceum, and Gram-
negative and Gram-positive bacteria (12, 31, 32). In the em-
bryonic cells of Ae. fluviatilis, REL2 was upregulated upon
Gram-negative immunological challenge (23). Here we show
that REL2 plays a role in controlling Wolbachia population.
REL2 knockdown (Fig. 5, A and B) increased Wolbachia
population (Fig. 5D), indicating that REL2 can also regulate
endosymbiotic bacteria. Additionally, REL2 knockdown
induced a decrease in gambicin transcript levels (Fig. 5C) but
did not interfere with GSK3β (Fig. 5F), suggesting that gam-
bicin is mainly regulated by REL2 and in accordance with
GSK3β being upstream of REL2. Furthermore, the knockdown
of REL2 led to an upregulation in REL1 transcription levels
(Fig. S4A), suggesting a compensatory response. It also resul-
ted in a reduction in cecropin transcription but had no impact
on defensin levels (Fig. S4, B and C). These findings suggest
that cecropin, but not defensin, may be subject to regulation by
REL2.

The changes observed in AMPs indicate ongoing immune
activity. These peptides are usually secreted, and we do not
know exactly how they work to control intracellular Wolba-
chia. The role of AMPs in the immune process is extremely
complex. They regulate cell surface receptors such as cytokine
receptors, chemokine receptors, and G-protein coupled re-
ceptors, including formyl peptide receptors and Toll-like re-
ceptors and several intracellular signal pathways such as
nuclear factor-κB, extracellular signal-regulated kinase half,
p38, JUN N-terminal kinase, mitogen-activated protein kinase,
and phosphoinositide 3-kinase (33). While the current litera-
ture discusses some aspects of these processes, we recognize
the need for further studies to fully understand the intricacies
of these interactions.

Previously, several authors have highlighted the significance
of the Imd pathway as a pivotal immune signaling pathway in
insect antibacterial defense. Moreover, its role in microbiota
control has been a subject of discussion and investigation (11,
13, 34). Here, Imd activation by Caspar knockdown (Fig. 6B)
led to a decrease in the Wolbachia population (Fig. 6E) and
increased REL2 and gambicin transcription (Fig. 6, C and D),
indicating that REL2/gambicin mobilization through the Imd
pathway can regulate Wolbachia proliferation. Furthermore,
there was no change in GSK3β transcription (Fig. 6G), again
confirming that GSK3β is upstream of this pathway.

Moreover, many authors provided evidence for a Wolbachia
role in the host energy metabolism (35–38). For example, in
the symbiotic relationship with the fly Drosophila mela-
nogaster, it is suggested that Wolbachia acts to increase insulin
signaling (39, 40). Typically, the activation of the insulin
pathway results in GSK3β inhibition by serine-9 residue
phosphorylation, increasing glycogen synthesis by GS enzyme
(41, 42). The fact that both inhibition and knockdown of
GSK3β increased glycogen content (Figs. 1E and 4C) indicates
that this enzyme performs its typical function of controlling
glycogen synthesis in the mosquito cells. We observed that
Wolbachia presence induced a decrease in the relative amount
of GSK3β transcripts (Fig. 1B) and increased glycogen content
(Fig. 1C). We postulate that Wolbachia provides metabolites
which fuel energy production pathways, including glycogen
synthesis, implying that mechanisms sensing metabolite/en-
ergy levels might be controlling GSK3B expression. Down-
stream of PI3 kinase activation, protein kinase A, protein
kinase B—also known as Akt—protein kinase C, and p90Rsk
contribute to the inactivation of GSK3, which ultimately leads
to the dephosphorylation of GSK3 substrates. Thus, the acti-
vation of PI3K/AKT signaling pathway usually leads to the
inhibition of GSK3β and, consequently, increased glycogen
synthesis (43). This mechanism could explain the higher
glycogen content observed in cells infected with Wolbachia
compared to uninfected counterparts. This indicates that
suppression of GSK3β by Wolbachia results in a metabolic
remodeling that changes glycogen metabolism.

In the nematode Brugia malayi, a natural host for Wolba-
chia wBm strain, studies have demonstrated that treatment
with the antibiotic doxycycline reduces Wolbachia fitness. This
treatment leads to an increase in glycogen content and
reduction of GSK3β transcription, suggesting that Wolbachia
may rely on host glycogen content. These findings underscore
the potential role of GSK3β transcription in mediating
glycogen metabolism remodeling induced by Wolbachia (44).
Similarly, in the Ae. fluviatilis mosquito, Wolbachia fitness
appears to be closely linked to glycogen metabolism. We show
that interfering with GSK3β (Figs. 1E and 4C) or REL2
(Fig. 5E) causes an increase in glycogen content followed by an
increase in Wolbachia population (Figs. 1H, 4D, and 5D).
Caspar knockdown, in contrast, resulted in reduction of the
Wolbachia population (Fig. 6E) and surprisingly was accom-
panied by a reduction in glycogen content (Fig. 6F). These data
strongly suggest a close association between glycogen content
and the Wolbachia population. Moreover, it is possible that
this bacterium is supplying metabolites that enhance cellular
energy efficiency in its natural host.

Apart from the impact on nutritional reserves, Wolbachia
also exerts influence on the transcription of immune genes in
its transfected hosts. Wolbachia reduces the susceptibility of
Ae. aegypti to infection by positive-sense RNA viruses, such as
dengue. For example, in Ae. aegypti artificially transfected with
Wolbachia strain wMel, there is an increase in the basal im-
mune response within the Toll and Imd pathways. Activation
of the Toll pathway induces increased transcription of the
AMPs defensins and cecropins, which are involved in the in-
hibition of DENV virus proliferation (45). On the other hand,
suppressing the Imd and Toll pathways reduces the wMel
strain population in this mosquito, suggesting that Wolbachia
manipulates the host’s immune system to compromise virus
stability and facilitate persistent infection (46). However, it is
known that RNA viruses can react to antiviral selection pres-
sures against which they can adapt to be effectively transmitted
by Ae. aegypti that carries Wolbachia. On the other hand, the
evolution of the Aedes aegypti genome could attenuate
Wolbachia-mediated viral inhibition, adapting to the endo-
symbiont over time (46). Studies suggest that Wolbachia does
J. Biol. Chem. (2024) 300(6) 107272 7
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not induce the expression of genes that encode AMPs. This
has been demonstrated for organisms where Wolbachia es-
tablishes natural infection, as in Ae. albopictus,
D. melanogaster, and Tetranychus urticae (47–49). Interest-
ingly, we observed that there was no difference in relative
quantification of defensin transcripts (Fig. 2F), REL1, and
REL2 (Fig. 2, B and C) between wAflu1 and wAflu1.tet cells.
However, in wAflu1.tet cells, there was a decrease in the
relative amount of Cactus and Caspar transcripts (Fig. 2, D and
E), indicating that Toll and Imd pathways may be more active
in cells with Wolbachia. This suggests that the Wolbachia
(strain wFlu) differentially manipulates the Ae. fluviatilis im-
mune pathways, and it can be adapted according to the host
and bacterium strain.

We also observed that when Wolbachia was removed, there
was an increase in the relative quantity of cecropin transcripts
(Fig. 2G), and there was no change in defensin transcript levels
(Fig. 1F). However, it has already been shown that cecropin
and defensin were drastically upregulated by immunological
challenge with heat-killed bacteria (23). It is possible that these
AMPs are efficient against infecting bacteria and do not act on
the endosymbiotic bacteria. Furthermore, there are higher
transcription levels of gambicin in wAflu1 cells (Fig. 2H),
indicating that gambicin is upregulated in the presence of
Wolbachia, regardless of a subtle downregulation of GSK3β
transcripts (Fig. 1B). In natural conditions, GSK3β down-
regulation may not decrease gambicin transcript levels
(Fig. 2H) or does not interfere with REL2 relative transcripts
(Fig. 2B), thus a stronger interference with GSK3β is necessary
to change the transcription of these immune genes and trigger
microbiota dysregulation.

Taken together, our studies unveil a novel interaction be-
tween GSK3β and Imd pathway. Supporting this hypothesis,
the data presented here show that downregulation of GSK3β
transcription can reduce Imd pathway/gambicin system,
thereby promoting Wolbachia proliferation. Furthermore, our
data indicate that Wolbachia may contribute energetically to
host glycogen accumulation, though further studies are
required to verify this hypothesis.

Experimental procedures

Maintenance of wAflu1 and wAflu1.tet cells

The wAflu1 and wAflu1.tet cell lines were maintained in
culture flasks (25 cm2) with 5 ml of supplemented L-15 me-
dium at 28 �C as described previously (23). L-15 medium was
supplemented with amino acids, glucose, mineral salts, and
vitamins (50). A 5 ml plastic syringe attached to a 22-gauge
needle (0.70 × 25 mm) was used to resuspend the cells. Cul-
ture density was determined using a Neubauer chamber.

Glycogen quantification

Adhered cells were washed with phosphate buffered saline
PBS, pH 7.4 (137 mM NaCl; 10 mM Na2HPO4; 2.7 mM KCl;
1.8 mM KH2PO4), after which they were resuspended in 5 ml
of PBS by jetting the liquid onto the cell layer with 5 ml syringe
and needle, then centrifuged at 1500g for 3 min. The cell pellet
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was resuspended in 100 μl of Tris/HCl pH 7.4 buffer con-
taining 0.1% Triton ×100.

Glycogen content was estimated by measuring the glucose
generated after glycogen digestion by the enzyme α-amyloglu-
cosidase activity (Sigma A7095; Source Aspergillus niger).
Cleared lysed cells (12 μl) were incubated with 1 unit of α-
amyloglycosidase in 20 μl of acetate buffer (200mM, pH 4.8) for
4 h at 40 �C. Then, 100 μl of glucose monoreagent (glucose
oxidase-based method Labtest - ref.: 133) was added and incu-
bated for 15 min. Absorbance was determined at 510 nm in a
spectrophotometer SpectraMaxM3 reader (Molecular devices).
The control (without α-amyloglucosidase) was used to deter-
mine the free glucose levels of each sample and was subtracted
from the absorbances of samples incubated with α-amyloglu-
cosidase. A standard curve was generated to calculate glycogen
levels in the samples, and data were normalized by 1 × 105 cells.
DNA extraction

DNA was extracted using a DNeasy blood and tissue kit
(Qiagen) according to manufacturer recommendations for cell
cultures. Briefly, 5 × 106 cells were pelleted for 5 min at 300g
and resuspended in 200 μl PBS buffer. Proteinase K (20 μl) was
added, followed by 200 μl of Buffer AL. Samples were mixed
thoroughly by vortexing and incubated at 56 �C for 10 min.
Ethanol 100% (200 μl) was added and mixed thoroughly by
vortexing. The mixture was pipetted onto a DNeasy Mini spin
column placed in a 2 ml collection tube and centrifuged at
6000g for 1 min, discarding the flow-through. After washing
the column, as recommended by the manufacturer, the DNA
was eluted in 200 μl of elution buffer and quantified in spec-
trophotometer (Thermo Fisher Scientific).
Total RNA extraction and cDNA synthesis

Total RNA was extracted from about 5 × 105 cells and used
to investigate differences in target genes transcription between
cell lines. Culture medium was discarded, and 500 μl of Trizol
reagent (Invitrogen) was added to each well of a 12-well plate.
Extraction was performed as recommended by the manufac-
turer, and RNA concentration and respective purity were
determined in a NanoDrop spectrophotometer (Thermo
Fisher Scientific) and agarose gel containing ethidium bro-
mide. About 2 μg of RNA was treated with DNAse I (Invi-
trogen Ambion), as recommended by the manufacturer. After
treatment, samples were used as a template for cDNA syn-
thesis using the High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher Scientific). The synthesized cDNAs were
stored at −20 �C until use.
PCR check for W. pipientis presence

The cDNA obtained from wAflu1 and wAflu1.tet cells was
used for WSP gene amplification by PCR using oligonucleotide
primers designed from the sequence GQ917108 (NCBI). The
WSP fragment (650 bp) was amplified using the following
primers: 50-TGGTCCAATAAGTGATGAAGAAAC-30 for-
ward and 50-AAAAATTAAACGCTACTCCA-30 reverse. The
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PCR reaction was analyzed on a 1.5% agarose gel containing
ethidium bromide.

Quantitative PCR

Quantification by RT-qPCR analysis using cDNA or by
quantitative PCR using bacterial DNA samples was performed
in the StepOnePlus Real Time PCR equipment (Applied Bio-
systems) with the SyGreen Mix HI-ROX kit (PCR Biosystems)
according to the following protocol: 95 �C for 2min, followed by
40 cycles of 95 �C for 7 s and 60 �C for 25 s, plus a step of 95 �C
for 15 s, another step of 60 �C for 1 min, and 95 �C for 10 s.
cDNA serial dilutions were used to construct a calibration
curve. Reaction efficiencies higher than 92%were obtained from
calibration curves for each set of primers with final volumes of
15 μl. The oligonucleotide primers for the genes that were
amplified by the RT-qPCR reaction are shown in Table 1. The
constitutively expressed gene for the 60S ribosomal protein,
known as RP49 (MW574127), was used as a reference gene (23).
Relative quantification was determined using Ct values from
each run in the SoftwareTool table as described by PFAFFL (51).
Statistical analyses were performed on data from three inde-
pendent experiments in the Prisma GraphPad Prism 7.00 pro-
gramusing Student t test or two-wayANOVA.The graphs show
averages along with the respective standard deviation.

MTT viability

Cell viability was measured using MTT assay measuring
reduction of tetrazolium dye MTT to its insoluble form
Table 1
List of oligonucleotides used to analyze the immunometabolic crossta

Oligonucleotide name Olig

Rp49 qPCR Fw GATGCAGAACCG
Rp49 qPCR Rv AGCTTACTCGTT
CASPAR qPCR Fw GCGGATCGAGC
CASPAR qPCR Rv CAGTCGGTGCCC
CACTUS qPCR Fw CCGTAATTTTGG
CACTUS qPCR Rv CATTAACGCAAG
WSP Fw qPCR ATCTTTTATAGC
WSP Rv qPCR GGAGTGATAGG
WSP Fw (Check) TGGTCCAATAAG
WSP Rv (Check) AAAAATTAAACG
Cecropin qPCR Fw CGATTTGACGTT
Cecropin qPCR Rv CGTTTGCCTACT
Defensin qPCR Fw AACTCTCCTCTC
Defensin qPCR Rv TACGAGCGAACA
Gambicin qPCR Fw AGATGCGCTGG
Gambicin qPCR Rv TCACTGCAGGTT
Rel1 qPCR Fw CAGCCAATCAGC
Rel1 qPCR Rv ATTCGTTTGATG
Rel2 qPCR Fw ATTGTTTCCGTC
Rel2 qPCR Rv TCACGCAGAACG
GSK3 qPCR Fw TCATCAAAGTCC
GSK3 qPCR Rv ATCGCATCTGGT
GFP t7 Fw TAATACGACTCA

GTAAACGGCC
GFP t7 Rv TAATACGACTCA

AACTCCAGCA
Rel2 t7 Fw TAATACGACTCA

GAGGAACTGA
Rel2 t7 Rv TAATACGACTCA

TGCCATGCTT
GSK3 t7 Fw TAATACGACTCA

TGGGAGGCAT
GSK3 t7 Rv TAATACGACTCA

CCATGCAGAA

Primer sequences used to evaluate immunometabolism-related gene expression and perfo
formazan (52). After alsterpaullone treatment, 50 μl of MTT
(5 mg/ml in PBS) was added to each well. After 2 h incubation
at 28 �C, the medium was completely removed, and 1 ml of
acid-isopropyl alcohol (0.15% HCl in isopropyl alcohol) was
added to dissolve formazan crystals. The mixture was trans-
ferred to 1.5-ml tubes and centrifuged at 6000g for 15 min.
The supernatant was collected for absorbance measurement at
570 nm in a spectrophotometer (SpectraMax M3 reader,
molecular devices).

Alsterpaullone treatment

GSK3 inhibition was performed based on previous work
(53–55). To determine the optimal concentration of GSK3 in-
hibitor alsterpaullone for the conditions of the present experi-
ment, 5 × 105 cells were seeded in 24-well plates with 500 μl of L-
15 medium. After 24 h, the culture medium was changed, and
alsterpaullone was added to reach final concentrations of 100,
200, 300, 400, 500, and 600 nM. DMSO (0.6 and 1.2%) was used
as a control. Cell viability was tested by MTT after 24 h of
alsterpaullone exposure. DMSO treatment was used for data
normalization (100% viability). In addition, to test the inhibitor
functionality, we performed glycogen quantification at 300 and
500 nM alsterpaullone concentrations.

Double-stranded RNA synthesis

Double-stranded RNA (dsRNA) synthesis used oligonucle-
otide primers for REL2, GSK3β, and GFP (green fluorescent
protein—unrelated gene) containing T7 promoter region in
lking on Aedes fluviatilis Wolbachia pipientis symbiosis

onucleotide Gene code

TGTCTACT MW574127
TTCTTGCG
AAAGCAAGA OM830326
TTATCCTA
GCACTCAT OM830327
GGAAGGAA
TGGTGGTGGT GQ917108
CATATCTTCAAT
TGATGAAGAAAC GQ917108
CTACTCCA
CGAGATGA MW574131
CCTTCCAA
ACGCCGTA MW574130
TCATCAGC

TGTTCGTAT OM830330
CTGATTGC
AACAGAAA MW574128
GGCGATAG
TGGATTCG MW574129
TATGAAGC
TCGGAACG OM830324
GGAGTACG
CTATAGGGAC
ACAAGTTCAGCGTGTC

EF152770.1

CTATAGGGTCACG
GGACCATGTCATC
CTATAGGGCATTGCC
GCA

MW574129

CTATAGGGCCCAATCT
CTT
CTATAGGGCCCGTTA
GAA

OM830324

CTATAGGGTCGGTTCC
GT

rm dsRNA synthesis to gene knockdown by RNA interference.
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both strand 50 ends. Oligonucleotide primers (Table 1)
generated fragments of 398 bp, 574 bp, and 652 bp for the
REL2, GSK3β, and GFP targets, respectively. With the gener-
ated fragments, dsRNA synthesis was performed using the T7
RiboMAX Express RNAi System kit (Promega) using 1 μg of
template. The resulting dsRNA was analyzed for integrity by
electrophoresis on a 1.5% agarose gel and quantified in a
spectrophotometer nanodrop (Thermo Scientific). We
employed two strategies to assess the specificity of the dsRNA.
First, we evaluated the potential off-target effects of GSK-3
RNAi through analysis using Ae. fluviatilis sequences and
the Si-Fi21 algorithm (56). Second, we conducted Blast ana-
lyses comparing the GSK-3 sequence with Ae. fluviatilis se-
quences. In both cases, no off-targets were detected.
Western blotting for p-GSK3β

For immunoblotting, 106 cells treated with dsGFP or
dsGSK3β were homogenized in 100 μl of lysis buffer con-
taining tris-HCl 10 mM pH 7.4 and 0.1% Triton X-100 in a 1:1
mixture with protease inhibitor cocktail Complete EDTA-free
EASYpack (Roche) and phosphatase inhibitor cocktail Phos-
STOP EASYpack (Roche). Supernatant was collected by
centrifugation at 14,000g for 10 min at 4 �C. The protein
concentration in the supernatant was determined by the Lowry
method (57) using bovine serum albumin (Sigma) for standard
curve. Total protein (25 μg) was separated by 10% SDS-PAGE
and electroblotted onto polyvinylidene fluoride membranes
(GE Healthcare) with transfer buffer (48 mM Tris and 39 mM
glycine). The membrane was then blocked with 5% albumin in
Tris buffered saline-Tween (TBS-T) (10 mM Tris pH 8.0,
150 mM sodium chloride and 0.1% Tween-20) for 2 h at room
temperature and subsequently incubated with anti-phospho-
GSK3β (Santa Cruz) primary antibody overnight at 4 �C. After
that, the membrane was washed with TBS-T three times for
5 min and further incubated with anti-mouse secondary
antibody linked to horseradish peroxidase (Thermo Fisher
Scientific) at a 1:5000 dilution in TBS-T albumin for 2 h at
room temperature. After incubation, the membrane was
washed with TBS-T, followed by three TBS washes of 5 min
each, and the assay was developed by chemiluminescence us-
ing the Enhanced Chemiluminescence System (Millipore) and
the ChemiDoc MP Imaging System (Bio-Rad) for visualization
and imaging. Next, the membrane was stripped twice with
0.1 M of NaOH for 5 min each, followed by TBS washes and
TBS-T albumin incubation for 1 h at room temperature. The
stripped membrane was incubated with primary anti-β-
Tubulin (57) at a 1:5000 dilution for 2 h at room temperature,
then washed with TBS-T before further incubation with anti-
rabbit secondary antibody (Cell Signaling) at 1:5000 dilution
for 1 h at room temperature. Once more the membrane was
washed with TBS-T, followed by TBS washes, and developed
using the Enhanced Chemiluminescence System. The densi-
tometry of anti-phospho-GSK3β and anti-β-Tubulin Western
Blots was carried out using the program ImageJ (58) to
determine the ratio between the anti-phospho-GSK3β and
anti-β-Tubulin signals, with results from dsGFP-treated cells
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used for normalization. Antibodies against total unphos-
phorylated GSK3B failed to recognize the Ae. fluviatilis poly-
peptide, in contrast to the antibody against Pser-9-GSK3B
(Santa Cruz), which was thus used in our experiments. The
phosphorylated inactive form of GSK3, Pser-9-GSK3B is the
form that leads to activation of glycogen synthesis. Evaluating
levels of Pser-9-GSK3B is therefore an effective way to monitor
the impact of gene silencing on pathway function.
RNAi silencing

The wAflu1 cells (3 × 106 cells) were maintained for 5 days
in 75 cm2 bottles with L-15 medium supplemented with 10%
fetal bovine serum at 28 �C. Cells were transfected using the
cell line Nucleofector kit V (VCA-1003) according to the
manufacturer’s instructions (Amaxa Biosystems). About 5 ×
106 cells were centrifuged and carefully resuspended in 100 μl
of transfection reagent (82 μl of cell line plus and 18 μl sup-
plement) containing 1 μg of dsRNA (dsGFP, dsGSK3, or
dsREL2). Suspended cells were transferred to a Lonza certified
cuvette and transfected in the Nucleofector I Device (Lonza)
with the G-030 transfection preset program. After transfection,
the cell suspension was added to 3 ml of supplemented L-15
medium and was split: 1.5 ml was seeded into three wells
(500 μl per well) of a 6-well plate for RNA extraction; and
1.5 ml was seeded in a 25 cm2 bottle for glycogen quantifica-
tion. After seeding, cells were incubated for 24 h at 28 �C.
Silencing was verified by RT-qPCR of the target genes.
Statistical analysis

The experiments were performed in biological triplicate
with technical triplicate. Averages are presented along with
standard deviations. GraphPad Prism 8.3 was used to perform
unpaired t test or two-way ANOVA followed by multiple
comparisons, when applicable.
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All data are described within the manuscript.
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