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Abstract

Background Mitochondria participate in various cellular processes including energy metabolism, apoptosis,
autophagy, production of reactive oxygen species, stress responses, inflammation and immunity. However, the role
of mitochondrial metabolism in immune cells and tissues shaping the innate immune responses are not yet fully
understood. We investigated the effects of tissue-specific mitochondrial perturbation on the immune responses

at the organismal level. Genes for oxidative phosphorylation (OXPHOS) complexes cl-cV were knocked down in the
fruit fly Drosophila melanogaster, targeting the two main immune tissues, the fat body and the immune cells
(hemocytes).

Results While OXPHOS perturbation in the fat body was detrimental, hemocyte-specific perturbation led

to an enhanced immunocompetence. This was accompanied by the formation of melanized hemocyte aggregates
(melanotic nodules), a sign of activation of cell-mediated innate immunity. Furthermore, the hemocyte-specific
OXPHOS perturbation induced immune activation of hemocytes, resulting in an infection-like hemocyte profile

and an enhanced immune response against parasitoid wasp infection. In addition, OXPHOS perturbation in hemo-
cytes resulted in mitochondrial membrane depolarization and upregulation of genes associated with the mitochon-
drial unfolded protein response.

Conclusions Overall, we show that while the effects of mitochondrial perturbation on immune responses are highly
tissue-specific, mild mitochondrial dysfunction can be beneficial in immune-challenged individuals and contributes
to variation in infection outcomes among individuals.

Keywords Aerobic glycolysis, Hemocyte, Infection, Lamellocyte, Leptopilina boulardi, Mitochondrial membrane
potential, Mitochondrial unfolded protein response, Oxidative phosphorylation, Reactive oxygen species, RNA
sequencing, UQCR-C1
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inner membrane of the double-membraned mitochon-
dria. Each of these complexes is comprised of subunits
encoded both by the nuclear and mitochondrial genome
(mtDNA), except cII which only contains nuclear
encoded proteins. Disruption of any of these complexes
can cause mitochondrial dysfunction, which is involved
in numerous pathologies including neurodegenerative
diseases, metabolic disorders such as diabetes, myopa-
thies [1, 2], chronic fatigue syndrome [3], multiple scle-
rosis [4], mood disorders [5] and intestinal diseases such
as irritable bowel syndrome [6]. During the past decade,
the role of mitochondria in innate and adaptive immune
responses has been increasingly studied and mitochon-
dria have been shown to participate in immune responses
in several ways, for example by controlling apoptosis,
producing various signaling molecules, metabolites and
reactive oxygen species (ROS) [7-12]. Furthermore, once
it enters the cytoplasm or extracellular space, mtDNA
acts as a damage-associated molecular pattern (DAMP),
initiating the innate immune response [13].
Mitochondrial and nuclear mutations leading to a
disruption of mitochondrial function are expected to
be harmful in the context of immunity, and indeed, the
evidence from systemic mitochondrial disorders sug-
gests that such disruptions lead to immunodeficiency
(reviewed in [14]). For example, in the fruit fly Drosoph-
ila melanogaster model, an incompatibility in the inter-
action between the mt-tRNAy, and mt-tyrosyl-tRNA
synthetase variants encoded by the mitochondrial and
the nuclear genomes, respectively, resulted in compro-
mised OXPHOS, and weakened the innate immune
response against a bacterial pathogen [15]. However,
as tissues vary in their energetic demands, disruption
of mitochondrial function can cause distinct effects on
immune responses depending on the affected tissue.
Importantly, immune responses have not been studied
extensively in connection with mitochondrial dysfunc-
tion, and the impact of tissue-specific mitochondrial
metabolism on the immune response is currently not
well understood. D. melanogaster has long been used as
a model for studying innate immunity, due to the con-
servation of signaling cascades and effector molecules
between the fly and humans (reviewed in [16]). Two tis-
sue types crucial for a fly immune response both at lar-
val and adult stages are the fat body, functionally akin to
mammalian liver and adipose tissue [17], and the hemo-
cytes, the fly immune cells [18]. The fat body, as the main
glycogen storage organ, is integral in providing energy
for the immune response. The fat body also produces
antimicrobial peptides (AMPs), mainly regulated by
two NF-«kB pathways, Toll and Imd, during the humoral
immune response against microbes [19]. Cell-mediated
innate immune responses rely on the hemocytes, which
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are produced in two waves during development: embry-
onic and larval hematopoiesis [20]. At the larval stages,
the hemocyte system consists of phagocytic cells called
plasmatocytes, which are functionally similar to mamma-
lian macrophages [21], and an immune-inducible hemo-
cyte type called the lamellocyte [22, 23]. Lamellocytes
are large, discoidal cells able to encapsulate pathogens
that are too large for phagocytosis, such as parasitoids. A
third hemocyte type, the crystal cell, functions mainly in
wound healing and is present in relatively low numbers in
larvae and adults [24, 25]. All larval hemocyte types can
be produced from progenitor cells in the lymph gland
[26], but embryonic plasmatocytes also persist in the lar-
val stage and contribute to the larval hemocyte pool [20,
27]. In addition, it has been shown that lamellocytes can
transdifferentiate from plasmatocytes/progenitor cells
outside the lymph gland [28-30].

To shed light on how immune-tissue specific mito-
chondrial dysfunction affects innate immune responses,
we utilized the Drosophila model, silencing selected
genes from each of the five OXPHOS complexes in the
fat body and hemocytes. While knocking down OXPHOS
genes in the fat body was harmful, OXPHOS perturba-
tion in hemocytes induced immune activation of hemo-
cytes and provided protection against parasitoid wasp
infection. We present a potential mechanism for these
effects in hemocytes and discuss the impact of OXPHOS
disruption on the variation in infection outcomes.

Results

OXPHOS perturbation ubiquitously and in the fat body,
but not in hemocytes, reduces the viability of the flies

To test how severely mitochondrial perturbation affects
the host, we individually silenced genes from OXPHOS
complexes I-V (cI-cV) in the immune tissues (fat body
and hemocytes) as well as ubiquitously (whole ani-
mal). From each of the five OXPHOS complexes, one
to two genes were targeted in the knockdown experi-
ments (Fig. 1A, Additional file 1: Table S1 & S2). Ubiq-
uitous knockdown (da-GAL4) of individual OXPHOS
genes resulted in a severe larval developmental delay and
was eventually lethal (Additional file 1: Table S3). In the
case of the fat body-specific gene silencing (Fb-GAL4)
the effects varied from developmental delay to lethality,
depending on the OXPHOS complex. Fat body-specific
knockdown of ND-75 (cI) and SdhD (cII) resulted in a
development delay but viable adults, whereas knock-
down of ox (cIll), UQCR-CI (cIlI), COX5B (cIV) and
ATPsynCF6 (cV) were partially or fully lethal at the pupal
stage (Additional file 1: Table S3). In contrast, knock-
ing down the OXPHOS genes in hemocytes (Hml’-
GAL4; He-GAL4) did not affect the development time or
eclosion of flies.
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Fig. 1 Knockdown of the OXPHOS complex genes in hemocytes affects the mitochondrial membrane potential, causes melanotic

nodules and enhances the immune competence. A A schematic representation of oxidative phosphorylation (OXPHOS) complexes

and the complex-specific knockdown target genes: ND-75 (NADH dehydrogenase (ubiquinone) 75 kDa subunit); SdhD (Succinate dehydrogenase,
subunit D); ox (oxen); UQCR-CT (Ubiquinol-cytochrome c reductase core protein 1); COX58B (Cytochrome c oxidase subunit 5B); ATPsynCF6 (ATP synthase,
coupling factor 6). B Mitochondrial membrane potential was measured as a ratio of the MitoProbe™ TMRM signal intensity detected in the OXPHOS
knockdown plasmatocytes to the signal detected in control plasmatocytes (n=3, 2000-3500 eater-GFP-positive plasmatocytes per replicate). The
data were analyzed using one sample t-test. C Examples of melanotic nodules found from hemocyte-targeted cV knockdown animals. Nodules are
marked with arrowheads. Scale bars 500 um. D Quantification of melanotic nodules detected in the hemocyte-targeted OXPHOS gene knockdown
larvae (n=100). *=1% of the driverless background control larvae had melanotic nodules. E Mean percentage of melanized wasp eggs/larvae
found in the controls and in larvae with OXPHOS knockdown in hemocytes (n=150). E" Melanization response to wasp infection in the animals
with ND-75 and ATPsynCF6 knockdown in the fat body (n=150). The data were analyzed using logistic regression with a binomial distribution

with replication as a random factor. ns=not significant, * p <0.05, ** p<0.01, *** p<0.001. (Schematic Fig. 1A modified from [10])

Taken together, the effect of OXPHOS perturbation the effects of OXPHOS perturbation in larval hemo-
varied according to the affected OXPHOS complex cytes on cellular innate immune response.
and the target tissue. Fat body-specific knockdown of
cl-cIl genes resulted in a milder effect on the viability = Knockdown of OXPHOS genes in hemocytes decreases
than cIlI-cV gene knockdown, while hemocyte-specific ~ the mitochondrial membrane potential and induces
knockdown did not affect the development time or theformation of melanotic nodules
eclosion of the flies. Given the central role of hemo- First, we verified that the RNAi constructs effi-
cytes in cell-mediated innate immunity, we focused on  ciently silenced the expression of their target genes in
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hemocytes. ND-75, SdhD, UQCR-C1 and ATPsynCF6
expression was significantly reduced, ranging from 57
to 91% of the control levels in females (Additional File 2:
Fig. S1A) and from 69 to 94% in males (Additional File 2:
Fig. S1A’). We were not able to measure the RNAI effi-
ciencies of ox and COX5B, as the RNAI constructs’ hair-
pin sequence covers most of the gene length, leaving no
space to design appropriate reverse transcription quanti-
tative real-time PCR (RT-qPCR) primers for the remain-
ing gene sequence.

To verify that the silencing of the OXPHOS genes
resulted in mitochondrial perturbation, we measured
the mitochondrial membrane potential (A¥m) as a read-
out of mitochondrial activity. A¥m was measured from
plasmatocytes using a membrane potential sensitive
MitoProbe dye. As a control, hemocytes were treated
with carbonyl cyanide 3-chlorophenylhydrazone (CCCP),
an uncoupler of oxidative phosphorylation in mitochon-
dria causing a drastic drop in the AYm (Additional File 2:
Fig. S1B). We found that cIII-cV knockdown hemocytes
had significantly lower MitoProbe signal intensity than
the untreated control hemocytes, corresponding to a
40-80% decrease in AYm (Fig. 1B, Additional File 2: Fig.
S1B). In contrast, knockdown of cI-cII did not have a sig-
nificant effect on the MitoProbe signal (Fig. 1B).

Next, we investigated if silencing of the OXPHOS genes
alters the cell-mediated innate immune response of the
host. Salminen et al. [31] showed that a mtDNA-encoded
OXPHOS clII gene cytochrome b (mt:cyt-b) variant was
associated with the formation of melanotic nodules in
Drosophila. Melanotic nodules are melanized hemocyte
aggregates and are indicative of a pre-activated cell-
mediated immune system [32]. We found that silencing
any of the OXPHOS genes in hemocytes led to the for-
mation of melanotic nodules to varying degrees, exam-
ples of which are shown in Fig. 1C. The prevalence of the
nodules ranged from 2 to 14% in the GD library RNAi
lines (Fig. 1D), and the finding was further confirmed,
although with a milder phenotype, with an additional set
of RNAi lines from the KK library with a different genetic
background (Additional File 3: Fig. S2A). Again, the
strongest phenotypes were observed with clIII-cV gene
knockdowns (Fig. 1D). In the control animals, 0-1% of
the larvae exhibited melanotic nodules (Fig. 1D).

Hemocyte-targeted OXPHOS gene knockdowns did
not affect the development time or eclosion. Neverthe-
less, perturbation of OXPHOS decreased the mitochon-
drial membrane potential in hemocytes and activated
cell-mediated innate immunity, which could potentially
affect other life-history traits of the flies. Therefore, we
tested whether clII and ¢V gene knockdowns in hemo-
cytes had an effect on the lifespan of the flies. While
the male longevity was not affected by the cIII or cV
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knockdown, females with cIII knockdown exhibited sig-
nificantly decreased lifespan (Additional File 3: Fig. S2B).
The reduced lifespan in females upon cIII knockdown in
hemocytes might suggest that there are differences in the
demands for hemocyte metabolism in adult flies between
the sexes.

OXPHOS perturbation in hemocytes enhances

the cell-mediated encapsulation response

against parasitoid wasps

Because melanotic nodules indicate activation of the
cellular innate immune response [32], we examined if
OXPHOS perturbation in hemocytes affected the cell-
mediated response against parasitoid wasp infection. We
infected the knockdown and control larvae with Lepto-
pilina boulardi parasitoid wasps and scored the percent-
age of larvae with a successful immune response (fully
melanized wasp larvae). Knockdown of the OXPHOS
genes resulted in an enhanced encapsulation response
when compared to the controls (Fig. 1E). A similar trend
was observed when knocking down the OXPHOS genes
using the KK RNAI lines (Additional File 3: Fig. S2C),
although the effect was again less pronounced than in the
GD RNAI lines.

Next, we tested if OXPHOS perturbation in the fat
body also resulted in an altered response to wasp infec-
tion. Fat body specific (Fb-GAL4) knockdown of ND-
75 (cI) had the mildest larval development delay when
compared to other OXPHOS complex knockdowns, and
ATPsynCF6 (cV) knockdown had one of the most severe
effects on viability (Additional file 1: Table S3). In both
knockdown lines, the encapsulation response was dras-
tically reduced when compared to the control (Fig. 1E’).
Taken together, OXPHOS perturbation in the fat body
had a negative impact on viability and led to an increased
susceptibility to immune challenge, indicating the impor-
tance of tightly regulated mitochondrial function in this
tissue. In contrast, hemocyte-targeted OXPHOS pertur-
bation did not affect development and was beneficial for
the host upon an immune challenge. This suggests that
OXPHOS acts as a moderator of hemocyte function
under normal conditions.

OXPHOS perturbation in hemocytes results in immune cell
activation

Having established a link between mitochondrial per-
turbation in hemocytes, formation of melanotic nodules
and an enhanced immune response against parasitoid
infection, we tested if silencing the OXPHOS genes in
hemocytes affects hemocyte numbers or differentiation.
We utilized an in vivo hemocyte reporter system (msu-
mCherry and eater-GEP; “Me” for short) to distinguish
hemocyte subpopulations based on the levels of the
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mCherry and GFP fluorescence as described in Anderl
et al. [28]. As expected, in the control larvae mainly
plasmatocytes were present, as shown by high levels of
eater-GFP expression (Fig. 2A). In contrast, knocking
down OXPHOS clIII, cIV and cV-related genes resulted in
an immune activation of the hemocytes, with uninfected
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larvae producing infection-specific hemocytes, including
lamellocytes, identified by high msn-mCherry expres-
sion and a lack of the eater-GFP expression (Fig. 2A-B).
In addition to hemocyte activation, total hemocyte num-
bers were significantly increased upon cIV and cV knock-
downs, without a change in basal state plasmatocyte

A > Me; Hml*>; He>
‘©
@ jcontrol cl clll clll clv cVv
Q. E e
W 4
Q
8 e ND-75 SdhD ox UQCR-C1 COX58B ATPsynCF6
3 msn-mCherry intensity

M plasmatocyte, pc

B
total Ic ! ”
o C x0° total C 100 pC C” yio
weP 3500 10, ns NS 10 - ns ns NS 20- TR e
y 3000 c Fkk X . .
[o] 2500 > _ . J °
6\) 2000 Q 8 . 8 ns 154 . :
T cn @ 102 : :
.- 1000 Qo <
<l1\ Z Ic 5 *kk
E cll g 150 o] . ns .
«Q 100 & . .
T o @ M 5 ~ £
2 v 0 T H M : P i i
¢ Q% cl cll clll clV cV 8§ cl cll clll clV ¢V Q% cl cll clll clV cVv
cV RNAI targets RNAI targets RNAI targets
”m LRRE] bRRER)
Do C” e C™ o pre Ic C™ 0 lc
) 21 “— 104 EX T 4 - 4 - .
‘_:E ns 5 5 .
1.5 8 3- 3]
RoX ‘ * ) 64 2 2 Hxx
n ~ L] > - E *kk
Z ik - 8 44 ¢ L
[} . - re ns P
'] £ 14 *kk 1 T2
1830.5. :?:) 24 ns ns * ns ns * ns ns a E
c 0 0L 0-L% 0l
= o " T cl cll clll clV ¢V g cl cll clll clV ¢V g cl cll clll clV cV
= welinf  hep Toll RNAI targets RNAI targets RNAI targets

Me; Hml*>; He>

activated plasmatocyte, act pc

lamelloblast, Ib Ml prelamellocyte, pre Ic Ml lamellocyte, Ic

Me; Hml*>; He>
Fig. 2 Knockdown of the OXPHOS genes in hemocytes induces immune cell activation. A Flow cytometry analysis of larval hemocytes

using the plasmatocyte (eater-GFP, y-axis) and lamellocyte (msn-mCherry, x-axis) in vivo hemocyte reporters. While the control animals mainly

had plasmatocytes (high GFP), the knockdown of various OXPHOS genes induced immune-activated hemocyte types, including activated
plasmatocytes (high GFP, low mCherry) and lamellocytes (high mCherry intensity, marked in red), and occasionally also lamelloblasts (low GFP)

and prelamellocytes (low GFP, low mCherry). B Heatmap (n=30) showing the average total hemocyte and lamellocyte (Ic) count in WP control
and hemocyte-targeted OXPHOS knockdown samples. C-C™ Quantification of total hemocytes and hemocyte types classified based on eater-GFP
and msn-mCherry expression when knocking down the OXPHOS genes (n=30). Total =total circulating hemocyte count, pc = plasmatocytes, act
pc=activated plasmatocytes, Ib=Iamelloblasts, pre Ic=pre-lamellocytes, Ic=lamellocytes. clll gene=UQCR-C1. The data on hemocyte counts

were analyzed using a generalized linear model with a negative binomial distribution. Error bars indicate standard error of the mean. Asterisks
indicate the statistical difference between the OXPHOS knockdowns and the control. D Mitochondrial membrane potential in plasmatocytes

of wasp-infected larvae and of larvae with hep™ or Toll’® overexpression in hemocytes, as a ratio to the MitoProbe™ TMRM signal intensity

in the control. ns=not significant, * p <0.05, ** p<0.01, *** p<0.001
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numbers (Fig. 2C-C’), but with an increase in activated
plasmatocytes (Fig. 2C”), which are characterized by high
GFP expression together with mCherry fluorescence,
which is often localized in cytoplasmic foci [28]. These
hemocytes are not present in high numbers in healthy
larvae, but appear after wasp infestation or genetic acti-
vation of the hemocytes [28]. Numbers of lamelloblasts,
the putative lamellocyte precursor cell type [28], were
increased by cIII and cV knockdowns (Fig. 2C”), whereas
prelamellocytes (Fig. 2C””), and to an even greater extent
lamellocytes (Fig. 2C””), were increased upon cllIl, cIV
and cV gene knockdowns (Fig. 2C”). cI and cII knock-
down had mild effects on hemocyte populations (Fig. 2A,
C-C""). Knocking down the OXPHOS genes using the
KK library RNAi constructs showed similar results con-
cerning hemocyte activation (Additional File 4: Fig. S3A-
A””), except for knockdown of ND-75, which resulted in
the formation of prelamellocytes and lamellocytes (Addi-
tional File 4: Fig. S3A”-A"”), indicating that cI silencing
may also induce lamellocyte formation in specific genetic
backgrounds.

Wasp infection is known to cause both elevation in
hemocyte numbers and hemocyte activation. We tested
if hemocyte-specific cI, cIII or ¢V knockdown has addi-
tional effects on the hemocyte populations 48 h after
wasp infection compared to wasp-infected controls. In
the wasp-infected larvae, OXPHOS knockdown did not
alter hemocyte profiles and produced similar numbers of
lamellocytes as the wasp-infected control larvae (Addi-
tional File 4: Fig. S3B-B””). The exceptions were a small
decrease in the numbers of activated plasmatocytes in
the cIII knockdown larvae, and an increase in lamello-
blast count in the ¢V knockdown larvae (Additional File
4: Fig. S3B”).

Overall, hemocyte-specific OXPHOS perturbation
leads to increased hemocyte counts and immune acti-
vation prior to infection. The hemocyte profile induced
by wasp infection was mostly unaltered by the OXPHOS
knockdown.

Decrease in the mitochondrial membrane potential is not a
universal indicator of immune cell activation

cIll-cV gene knockdowns caused a decrease in A¥m in
plasmatocytes, while cI and cII gene knockdowns did
not. In parallel, cIlI-cV knockdowns led to the forma-
tion of melanotic nodules, elevated immune cell count
and immune cell activation, which was not the case with
the cI and cII gene knockdowns. This prompted us to test
whether a decrease in the circulating plasmatocyte AYm
occurs when they begin to transdifferentiate into lamel-
locytes. We selected three model systems that are known
to induce the formation of lamellocytes: parasitoid wasp
infection, and the expression of constitutively active
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forms of hemipterous (hep®) and Toll (Toll'%, TI'%) [33].
There were no significant differences in AYm compared
to the control, although there was a trend for lower A¥m
in hep® and TI'% plasmatocytes (Fig. 2D). Based on this
result, we cannot conclude with certainty that a drop in
A¥m is a common feature of hemocyte activation. How-
ever, we do not exclude the possibility that a drop in
A¥m might be required in hemocytes attached to tissues
or in those forming the melanized capsules.

UQCR-CT1 (clll) knockdown hemocyte transcriptomes
cluster according to time point and infection status

We harnessed RNA sequencing to study the mechanism
behind OXPHOS perturbation that leads to immune cell
activation. For this, we chose cIII gene UQCR-CI due
to its strong effects on the immune phenotypes studied
here. We sampled UQCR-CI knockdown hemocytes
from uninfected and wasp-infected male larvae and
their controls. Because UQCR-C1 knockdown in hemo-
cytes induces lamellocyte differentiation (Fig. 2), we first
identified a timepoint at which lamellocytes are not yet
present in the hemolymph, in order to capture tran-
scriptional changes prior to and after the appearance of
mature lamellocytes. Based on previous information on
the lamellocyte differentiation after wasp infection [28],
we profiled the hemocytes of H/QCR-C1 knockdown lar-
vae at 90, 92 and 96 h after egg lay (AEL). While lamel-
locytes were detected in the circulation both 92 h and
96 h AEL, at 90 h AEL lamellocyte numbers did not differ
from the age-matched control larvae (Additional File 5:
Fig. S4A™ for lamellocyte counts, Additional File 5: Fig.
S4A-A” for other hemocyte types). In addition, UQCR-
CI knockdown plasmatocytes exhibited reduced A¥m
at 90 h AEL (Additional File 5: Fig. S4B-B’), showing
that the mitochondrial perturbation is present already
at that timepoint. The 90 h AEL timepoint was therefore
selected as the sample collection timepoint, and is here-
after referred to as the “early” timepoint. In addition,
we collected UQCR-CI knockdown and control hemo-
cytes from late 3rd instar larvae (approximately 120 h
AEL) without and with parasitoid wasp infection (48 h
post infection), referred to as “late” and “late infected’,
respectively (Fig. 3A). Of note, “late infected” refers to a
comparison between UQCR-C1 knockdown hemocytes
collected from wasp-infected larvae and control hemo-
cytes also from wasp-infected larvae.

Principal component analysis (PCA, Fig. 3B) showed a
clear clustering of the transcriptome samples along the
PC2 according to timepoint and (to a lesser degree) the
wasp-infection status. In addition, wasp-infected samples
clustered based on their genotype (UQCR-CI knock-
down or control) along PC1. The knockdown of UQCR-
C1 was verified based on the counts per million (CPM)
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as counts per million (CPM) showing the efficiency of the knockdown. Figure 3A created with BioRender.com

values of the RNA sequencing data for all three treatment
groups, with a drop in UQCR-CI expression to 20—-45%
of the control value (Fig. 3C).

UQCR-C1 knockdown causes upregulation

of lamellocyte-enriched marker genes at both timepoints
UQCR-CI knockdown in hemocytes led to distinct
changes in the transcriptome. A subset of genes was dif-
ferentially expressed in all treatments/timepoints when
UQCR-CI1 was silenced, and multiple genes were dif-
ferentially regulated only at specific timepoints or upon
infection (all significantly differentially expressed genes
are listed in Additional File 6). Because IQCR-C1 silenc-
ing led to lamellocyte differentiation, many differentially
expressed genes were likely to be linked to lamellocyte
function, especially at the late timepoint. We utilized a
comprehensive list of 304 lamellocyte-enriched marker
genes based on the hemocyte single-cell RNA sequenc-
ing studies compiled by Hultmark and Ando [34] and
cross-referenced these genes with our early and late
timepoint /QCR-CI samples. Indeed, many lamellocyte-
enriched genes were upregulated in uninfected UQCR-
CI knockdown samples at the late, and, interestingly, also
at the early timepoint (114 and 113 genes, respectively;
Additional File 7). There was a large degree of overlap in
lamellocyte-enriched genes upregulated at late and early
timepoint (94 genes). When comparing infected UQCR-
CI knockdown samples to infected control samples, only
14 lamellocyte genes were upregulated. For comparison,
in the wasp-infected control hemocytes, 223 lamellocyte
genes were upregulated compared to the uninfected con-
trols (Additional Files 6 and 7). Even though both early
and late timepoint UQCR-CI knockdown hemocytes

showed similar upregulation of the lamellocyte marker
genes, they clustered separately based on the PCA
(Fig. 3B). These data indicate that even though at the
early timepoint mature lamellocytes are not yet detected
in the larvae, the activation program leading to them is
already evident. Next, we studied further the transcrip-
tome profiles between UQCR-CI knockdown and con-
trol samples.

UQCR-C1 knockdown leads to gene expression changes
characteristic of the mitochondrial unfolded protein
response

We utilized the Flymine [35] tool to analyze the differ-
entially expressed genes and to construct curated lists
of genes of interest based on Gene Ontology (GO) term
enrichment. Significant GO terms and genes included
in them are listed in Additional File 8. Genes that were
consistently differentially expressed when UQCR-CI was
knocked down were of a particular interest since those
represent a core set of genes responding to UQCR-CI
silencing, regardless of the infection status or timepoint.
Across all of the timepoints and treatments, there was
an upregulation of glycolytic enzymes including lactate
dehydrogenase, indicating more active use of glycolysis
by the cells starting already at an early timepoint prior to
lamellocyte formation (Fig. 4A; Additional File 6). Many
translation-related genes were also upregulated, includ-
ing multiple aminoacyl-tRNA synthetases and several
genes functioning in mitochondrial translation (Fig. 4A;
Additional File 8). This, along with the upregulation of
multiple mitochondrial genes involved in heme synthe-
sis, OXPHOS assembly and mitochondrial fusion, might
be an effort to compensate for the mitochondrial defect
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caused by the cIII disruption. Several heat shock response
genes (Fig. 4A) and glutathione-S-transferases (Fig. 4A
and Additional File 9: Fig. S5A) were upregulated, sug-
gesting a possible stress response in the hemocytes upon
OXPHOS knockdown. Of note, genes involved in the
same processes (aerobic glycolysis, translation of mito-
chondrial proteins, heat shock response) are upregulated
by the mitochondrial unfolded protein response (UPR™)
in the nematode Caenorhabditis elegans and the yeast
Saccharomyces cerevisiae [36, 37], indicating that this
phenomenon could also occur in our model. The UPR™
is a cellular stress response involving a mitochondria-to-
nucleus signaling pathway that induces a specific tran-
scriptional program. The UPR™ protects cells from stress
that originates from mitochondrial perturbation, such as
OXPHOS dysfunction, mitochondrial protein misfold-
ing, decrease of mitochondrial membrane potential or
ATP depletion [36]. Hence, it is likely that the hemocyte
targeted LIQCR-C1 knockdown induces the UPR™:.,

Among the commonly downregulated genes, the only
significant GO term was the cellular compartment term
“extracellular region” (Additional File 8). However, man-
ual curation of the data revealed downregulation of mul-
tiple innate immune response-related genes in all of the
UQCR-CI knockdown samples, including the extracellu-
larly located modular serine protease (modSP) and Gram-
positive Specific Serine protease (grass), both involved
in the activation of the Toll signaling pathway (Fig. 4B;
Additional File 6). As a comparison, under control con-
ditions, wasp infection induced the upregulation of a
large number of genes involved in the humoral immune
response, including AMPs such as multiple Bomanins
(also known as Immune-induced molecules, IMs), Daisho,
Drosomycin (Drs), Cecropin Al (CecAl) and Attacin B
(AttB). Furthermore, Toll pathway inducer spatzle (spz)
and its activators Spatzle-Processing Enzyme (SPE) and
easter (ea) were all upregulated, as was Toll (T1) itself
(Additional Files 6 and 8). The downregulation of a set of
humoral immune genes in response to /QCR-CI knock-
down could be explained by the presence of an immuno-
suppressive mechanism aimed at reducing excessive
inflammation response brought on by the activation of
cell-mediated innate immunity (shown as the upregula-
tion of lamellocyte-enriched marker genes), which could
be especially important in immune-challenged animals.
A group of genes involved in fatty acid metabolism was
also downregulated, possibly signifying that there is a
switch in cell metabolism, and that the /QCR-C1 knock-
down hemocytes might rely on glycolysis for energy
production.

In addition to this core set of differentially expressed
genes, we looked at the changes occurring only at a cer-
tain timepoint or only when hemocytes were derived
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from wasp-infected larvae. At the early timepoint, knock-
ing down UQCR-CI led to an upregulation of an addi-
tional set of chaperones, heat shock proteins and protein
folding-related genes, both cytosolic and mitochondrial
(Fig. 4A; Additional File 6). This indicates that a stress
response to UQCR-CI knockdown is launched already
at 90 h AEL. The downregulated genes included an addi-
tional group of fatty acid metabolism-related genes, again
highlighting early changes in cellular metabolism.

At the late timepoint, there was an upregulation in fatty
acid metabolism genes, including some that were down-
regulated at the early timepoint (Fig. 4A; Additional File
6). Multiple gluconeogenesis-related genes were upregu-
lated, possibly to produce more free glucose to fuel the
glycolytic pathway. Several genes connected to mitochon-
dria and mitochondrial maintenance were upregulated,
including those involved in mitophagy and mitochondrial
calcium import, again suggesting a mitochondrial stress
response. Among the downregulated genes was a group
of innate immune response genes, mostly encoding
AMPs such as several Attacins and Cecropins (Fig. 4B).

In UQCR-CI knockdown wasp-infected samples, com-
pared to wasp-infected controls, a large group of genes
involved in mitochondrial translation and mitochon-
drial transport were upregulated (Additional Files 6 and
8, Fig. 4A). As mentioned above, increased expression of
genes in these groups is a feature of the UPR™ [36, 37].
Another large group of genes that was upregulated was
that of genes involved in cell cycle regulation. Among
the downregulated genes of interest were genes related
to glycogen metabolism, gluconeogenesis and fatty acid
metabolism (Fig. 4B).

OXPHOS perturbation-induced hemocyte activation

is not dependent on ROS

The disruption of OXPHOS, especially complexes I
and III, leads to an increased electron escape, creat-
ing increased amounts of reactive oxygen species (ROS)
(reviewed in [38]). An excess of ROS can overload the
antioxidant enzymes, leading to the oxidation of mac-
romolecules [39]. We looked at the expression levels of
genes involved in ROS production and detoxification in
our RNA sequencing data. Superoxide, the precursor of
most types of ROS, is degraded by the superoxide dis-
mutases (Sod), which catalyze its conversion to hydro-
gen peroxide (H,0,). H,O, is further broken down by
Catalase (Cat) in the cytosol [40]. Expression of neither
Sod1, Sod2 and Sod3, nor Cat, was significantly affected
by UQCR-CI knockdown (Additional File 9: Fig. S5A).
Immune-regulated Catalase (Irc) was not affected by
UQCR-CI knockdown in uninfected samples, but was
downregulated in UQCR-C1 knockdown hemocytes
upon wasp infection when compared to wasp-infected
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control hemocytes (Additional File 9: Fig. S5A). In con-
trast, under the control conditions Irc was upregulated
upon wasp infection (Additional File 6), suggesting a sup-
pression of this induction in wasp-infected UQCR-CI
knockdown hemocytes. Peroxiredoxins (Prx) are sensi-
tive to the levels of H,0,, and function in neutralizing
it and other peroxides in the cell [41]. Cytosolic Prx2
(also known as Jafracl) was consistently upregulated by
UQCR-C1I knockdown, while others were either down-
regulated or their expression did not change (Additional
File 9: Fig. S5A). Peroxidasin (Pxn) was not affected, but
globinl (globl), also encoding a peroxidase, was upregu-
lated at the early and late timepoints after UQCR-CI
knockdown (SFig. 5A) as well as after wasp infection in
control hemocytes (Additional File 6), indicating that
it might be specific for activated hemocytes or lamel-
locytes. H,O, can also function as a signaling molecule
by oxidizing cysteine residues on proteins, and can be
produced via the NOX/DUOX system on demand [42].
NADPH oxidase (Nox) and Dual oxidase (Duox) were
downregulated at the early timepoint with UQCR-CI
knockdown. Multiple Glutathione transferase D and -E
(GstD and GstE) genes were upregulated at both early
and late timepoints with QCR-CI knockdown, and
some also after wasp infection (Additional File 9: Fig.
S5A). Glutathione transferases act as a general defense
system against various genotoxic and cytotoxic electro-
philic compounds, including ROS, by catalyzing con-
jugation of glutathione to these compounds [43]. As
mentioned above, Gst expression is also a feature of the
UPR™, Taken together, the RNA sequencing data show
some upregulation of ROS scavenging system genes,
indicating that there may be a modest increase in ROS
upon UQCR-C1 knockdown in hemocytes.

To further study the connection between the immune
cell activation phenotype and ROS, we used three
approaches. First, ROS was measured in the OXPHOS cI,
clll and ¢V knockdown hemocytes using the CellROX™
green probe. While feeding antioxidant N-acetylcysteine
(NAC) to the larvae reduced the levels of ROS in hemo-
cytes (Additional File 9: Fig. S5B), knocking down the
OXPHOS cI, clIl or ¢V did not change the average Cell-
ROX green signal intensity (Additional File 9: Fig. S5B’-C)
or the proportion of CellROX-positive hemocytes (Addi-
tional File 9: Fig. S5C’). Second, we checked whether
knocking down antioxidant-encoding genes in hemo-
cytes could phenocopy the effects of UQCR-CI knock-
down on the formation of melanotic nodules, hemocyte
activation and the immune response against wasps. To
this end, we knocked down genes encoding cytosolic
Sod1, the mitochondrial Sod2 [44, 45] or Cat in hemo-
cytes. This did not induce the formation of melanotic
nodules (0% prevalence in Sod1 and Sod2 knockdowns,
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1% in Cat knockdown, data not plotted) or lamellocyte
formation (Additional File 9: Fig. S5E””). Also, other
hemocyte counts remained similar to the controls (Addi-
tional File 9: Fig. S5E-E”), except for an increase in the
lamelloblast count (Additional File 9: Fig. S5E”). Regard-
less of the lack of a pre-induced hemocyte activation,
the melanization response against wasps was enhanced
when the GD library RNAIi constructs were used (Addi-
tional File 9: Fig. S5D). Third, we fed NAC to control and
UQCR-CI knockdown larvae to see if the lamellocyte
formation could be blocked by alleviating ROS phar-
magologically. However, NAC feeding did not block the
lamellocyte lineage hemocyte (lamelloblasts, prelamello-
cytes, lamellocytes) induction in UQCR-C1 knockdown
larvae (Additional File 9: Fig. S5F”-F””). Interestingly,
NAC feeding did result in decreased total hemocyte,
plasmatocyte and activated plasmatocyte counts in both
control and UQCR-CI knockdown larvae (Additional
File 9: Fig. S5F-F”). This implies that ROS has an impor-
tant function in hemocyte proliferation in general. Based
on these results, the OXPHOS perturbation-mediated
improvement of immune response and hemocyte activa-
tion is at least partially independent of changes in ROS
production.

Glycolysis-related genes sima and Ldh are upregulated

in the OXPHOS knockdown hemocytes, but do not affect
OXPHOS-induced hemocyte activation

Several genes related to aerobic glycolysis were upreg-
ulated when UQCR-C1 was knocked down, in both
the early and late RNA sequencing hemocyte samples
(Fig. 4A). Based on this, we studied whether the meta-
bolic switch from mitochondrial OXPHOS to cyto-
solic aerobic glycolysis is required and/or sufficient for
the immune activation seen in UQCR-CI (and other
OXPHOS complex) knockdown hemocytes. We first
studied the expression patterns and knockdown effects
of two genes which have been shown to be upregulated
when hemocytes shift to utilizing aerobic glycolysis, simi-
lar (sima, the Drosophila homolog for Hifla) and its tar-
get gene Lactate dehydrogenase (Ldh) [46]. Based on the
transcriptome data, Ldh was upregulated at both early
and late timepoints in UQCR-CI knockdown hemo-
cytes (4.8 and 8.7 log, FC, respectively). sima showed
a similar trend but without statistical significance. We
measured the expression of Ldh and sima in UQCR-CI
knockdown hemocytes from both male and female larvae
with RT-qPCR to see if the /QCR-C1 knockdown effect
is the same in both sexes. Ldh was upregulated in both
sexes (Fig. 5A). However, sima was significantly upregu-
lated upon UQCR-C1 knockdown in females, while the
male data resembled the RNA sequencing result; on aver-
age slight, but statistically not significant upregulation
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(Fig. 5A"). RT-qPCR was also harnessed to measure Ldh
and sima levels in the hemocytes that had cl, cll, clIII
(ox) or cV genes knocked down. While sima expression
was unaffected, or even reduced in the case of ND-75
and ATPsynCF6 knockdown in males (Additional File
10: Fig. S6A-A’), Ldh was upregulated in hemocytes with
ox and ATPsynCF6 knockdown, and a similar trend was
seen with the ND-75 knockdown males (Additional File
10: Fig. S6B-B’). Again, clIl gene SdhD knockdown, which
has been an outlier throughout our studies, did not affect
the expression of sima or Ldh (Additional File 10: Fig.
S6A-B).

Hemocyte-targeted knockdown of sima has been
shown to lead to failed increase of glycolytic gene expres-
sion (including Ldh) and to failed increase in Ldh enzyme
activity in glycolysis-inducing conditions in Drosoph-
ila [46). To further study if a metabolic switch to aero-
bic glycolysis in the OXPHOS knockdown hemocytes
is the driving force in the lamellocyte formation and an
enhanced cell-mediated immune response to wasps, we
knocked down sima and Ldh in hemocytes. The expres-
sion of both genes was, in general, very low in uninduced
hemocytes. However, in uninduced hemocytes both
genes showed a trend towards lower expression in the
knockdowns compared to the control (Additional File
10: Fig. S6C-C’). To further verify the efficacy of sima
knockdown, we measured the expression of the Sima
target Ldh in sima knockdown hemocytes. There was a
trend towards reduced Ldh expression in sima knock-
down hemocytes, but due to the high variability of Ldh
expression in the control hemocytes, this difference was
not statistically significant (Additional File 10: Fig. S6D).

Next, we measured the production of the reduced
form of nicotinamide adenine dinucleotide (NADH)
as a readout of Ldh activity in control and Ldh knock-
down hemocytes. Again, the control samples had vari-
able NADH values, while the Ldh knockdown samples
showed less variation and generally lower NADH values
(Additional File 10: Fig. S6E). The difference between
treatments remained statistically not significant. As

(See figure on next page.)
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there was a trend towards a reduction in the expression
of sima and Ldh in the knockdown lines, and also in the
NADH levels after Ldh knockdown in hemocytes of
the uninfected larvae, we moved on to perform further
experiments with these knockdown lines.

Surprisingly, sima and Ldh knockdown in hemocytes
led to an improved encapsulation response against
wasps in both sexes (Fig. 5B-B’). Next, we aimed to find
out if these knockdowns affect the hemocyte profiles,
and whether the simultaneous knockdown of sima or
Ldh combined with the OXPHOS gene knockdown
(UQCR-C1 KD +sima KD and ATPsynCF6 KD+ Ldh
KD) is able to alter the hemocyte profile caused by
the OXPHOS perturbation. For this, we performed
an experiment with single and double knockdowns.
Neither sima nor Ldh knockdowns alone resulted in
increased hemocyte counts or hemocyte activation in
uninfected animals (Fig. 5C-C”” for males and Addi-
tional File 10: Fig. S6F-F”” for females). Furthermore,
the hemocyte population analyses showed that acti-
vated plasmatocytes, prelamellocytes and lamellocytes
were still present at similar levels as in single UQCR-C1
and ATPsynCF6 knockdowns, both in male (Fig. 5C-
C””) and female (Additional File 10: Fig. S6C-C””)
larvae.

Finally, we measured the levels of the storage sugar
glycogen and the main circulating sugar at larval stages,
trehalose, in cI, cIIl and ¢V knockdown larvae. In adult
flies, Sima-induced aerobic glycolysis in hemocytes has
been shown to be accompanied with a decrease in glyco-
gen and an increase in circulating glucose, the main sugar
in adults [46]. Glycogen levels in the OXPHOS knock-
down larvae did not significantly differ from the controls
(Additional File 11: Fig. S7A-A’). The level of hemolymph
trehalose was generally unchanged, although increased
in females when ND-75 was silenced in hemocytes, and
decreased in male ox knockdown larvae (Additional
File 11: Fig. S7B-B’). Altogether, these results indicate
that a switch to glycolytic metabolism alone is not suffi-
cient to explain the hemocyte activation launched by the

Fig. 5 Knocking down Ldh or sima in hemocytes enhances wasp encapsulation but does not affect hemocyte activation or differentiation. A

Ldh and (A) sima expression relative to His3.38 in control and in UQCR-CT knockdown hemocytes measured by RT-qPCR (n=3). B-B’ The mean
percentage of melanized wasp larvae found in control larvae (W°° or w as background control for sima knockdown) and in larvae with either Ldh
or sima knockdown in hemocytes (n=150). C—-C™” Quantification of total hemocytes and of hemocyte types classified based on eater-GFP

and msn-mCherry expression in controls, in UQCR-C1 and sima single knockdown, as well as in sima; UQCR-C1 and Ldh; ATPsynCF6 double
knockdowns (n=30). Data from male larvae are presented. The background strains (W°® and w.%) did not differ from each other in their hemocyte
profiles (underlined “ns” above them). Not underlined significance symbols above the samples indicate their difference to the controls. In the case
of the double knockdowns, lower underlined symbol indicates the difference to either UQCR-C1 or ATPsynCé single knockdowns and upper
symbol in grey the difference to the controls. Total =total circulating hemocyte count, pc = plasmatocytes, act pc =activated plasmatocytes,
Ib=lamelloblasts, pre Ic=pre-lamellocytes, Ic=lamellocytes. The data were analyzed using a generalized linear model with a negative binomial

distribution. ns=not significant, * p<0.05, ** p<0.01, *** p<0.001



Page 12 of 23

(2024) 22:60

Vesala et al. BMC Biology

¥ e Pe O} wmewis
3
- M
o9 o - aoUPT
¥
*
- goM
o ©vw o 1’ o
o N~ v N
- o,] Py sdsepn
i (%] pall
ot o o
B - EUwIs _ n_ Y7 | n_ » Q@&QNW@.@
* @99, =~V
x w07 Q\?OR? s x S | @407 \@ka\
[ ) L v\S * - *
b o 299+, e o3 o 99, \noQ
U n_ Q@\QI&\OO\KT T o _ H_ Q@NOI&\QOK_\
- (2] . sz = 2] .
o ° le mw % < 7 on wlUye | < x S [ weuys \v\,\km&\.\%
i [ oM i WLOy, Z ¥ wLIy,
¢ m.,_ M Q0 m_ wm TO0n
2T 8 2 2 3 R 2 aom S oo
=) N s} I3V A S TS = = 2
[%] palin sdsepm T ; “hewyeoa-e iXe 2
m - O )
) <
oh - a0l O-400N m 29 . | «| aotp;
(2] ‘ .
< @ ‘799 @ 9959,
°e | ° - oM < @ Q@wa QQ\@ORV\ @ m MMMV .m.ORT
@99 [0} DU
— O.“. . 99 Q@\QQM\PJORT W M |2 ounO/&\mwMRv\
~ . + %) .
ot [ 001 0-400N a 2 wews PNey, |z B, & & wewys Oy,
[%] "
* IS Q@\O/&\ W ¥ ouNO/&G
od e L goM " M .UG\V “ M On
—T—T—T— T . n_ aoMm & n_ aom
L T 9 N g © S . . i Sl r . !
S 6 & o o .o x@e e e ©° -
uolissaldxe euwis (@) @)
< ho) %)
| ¥ feooon R = e PP AR S
Q:
; 2" Yoy 7 R Ly
oo _ | 0 Q@bUGQ\ﬁm, 2 _ H_ U\QQ\@O\
© g " a0ly &GQ&T 8 L Q@NO/QOO&_\
T T T T T T ' =~ — - ‘
ot o S < Uy On. .wc\m.s\,n ANn x S 1 »eus Du\\,\mv&.\@
. le o 00k 0-H00N 2 w0Loy, Rl f4 i e e
* 2| w901 a| o on
‘ - goM 30 ﬂo < aom 30 I Gom
X6 o o o P EEEEE
Te) < [s2) N ~ o ~ ~
s S o S o JUN0O2 9}A20WaH £ junoo aykoowaH
< Uoissaidxe yp7 ®) S)

RNAI targets

Me; HmI*>; He>

RNAI targets

RNAI targets

Fig.5 (See legend on previous page.)



Vesala et al. BMC Biology (2024) 22:60

OXPHOS gene knockdown and subsequent decrease in
mitochondrial membrane potential.

Discussion

Although generally harmful, mitochondrial dysfunction
has variable effects depending not only on the sever-
ity of the underlying defect but also on the context and
the affected tissue-type [47]. We studied the impact of
immune tissue-targeted mitochondrial perturbation on
the cell-mediated innate immunity in Drosophila, which
is a powerful in vivo model of immunity and mitochon-
drial genetics [10]. We targeted the oxidative phosphoryl-
ation system, a core mitochondrial function, and knocked
down genes from each of the OXPHOS complexes in the
main immune tissues of Drosophila, the fat body and the
hemocytes. The OXPHOS knockdown resulted in antag-
onistic effects on the immune competence of the host;
fat body-targeted mitochondrial perturbations increased
susceptibility, while hemocyte-targeted perturbations
enhanced the immunocompetence (summary of the main
findings presented in Fig. 6). In Drosophila, systemically
impaired OXPHOS causes low fecundity, poor embry-
onic survival and a high mortality rate upon bacterial
infection [15, 48]. Conversely, it has been indicated that
tissue-specific and/or mild mitochondrial dysfunction
can be beneficial in specific circumstances. For instance,
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a reduction in mitochondrial electron transport chain
(ETC) function in mammalian muscle cells can protect
against apoptosis caused by the cholesterol drug ator-
vastatin [49]. In the Drosophila model, muscle-specific
disruption of the ETC slows down age-related muscle
deterioration and prolongs lifespan [50]. Importantly, a
recent study showed that treating mice with doxycycline,
an antimicrobial drug that systemically affects the func-
tion of mitoribosomes, and therefore disrupts mitochon-
drial translation, leads to an increased tolerance against
Escherichia coli infection without affecting the pathogen
load [51].

Knockdown of the OXPHOS complex genes in lar-
val hemocytes resulted in formation of melanotic nod-
ules. These nodules are formed via aberrant activation
of the hemocytes and could thus be considered a type
of autoimmune response [32, 52—-54]. A link between
mitochondrial function and melanotic nodules was pre-
viously shown in a Drosophila cytoplasmic hybrid, aka.
cybrid, model [31]. In this model, a mtDNA variant
called mtKSA2 containing a clII gene mt:cyt-b mutation
was shown to induce nodules in multiple nuclear back-
grounds [31]. Pharmacological inhibition of cIII with
antimycin A mimicked the mtKSA2 nodule phenotype
[31]. Here, we show that the nodule phenotype is not
cllI-specific, as knocking down nuclear encoded cI, cIV

i Formation of
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i Enhanced parasitoid }
encapsulation
efficiency

)

Increased
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_
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Fig.6 Summary of the effects of OXPHOS perturbation on cell mediated innate immunity. OXPHOS disruption in hemocytes leads to a loss

of mitochondrial membrane potential (AW,,)). This likely triggers the mitochondrial unfolded protein response (UPR™) in the cells. The UPR™
activates transcription of genes related to glycolysis, mitochondrial biogenesis and translation, as well as heat shock proteins, while suppressing

the expression of antimicrobial peptides. Eventually, hemocyte specific OXPHOS perturbation leads to an increase in circulating hemocyte

count and hemocyte activation. On an organismal level, this activation of cell-mediated immunity causes the formation of melanotic nodules

in uninfected larvae and improves the encapsulation of parasitoid wasps. This beneficial effect is tissue-specific, since knocking down OXPHOS
complex genes in the fat body negatively affects development and viability of the hosts and leads to reduced parasitoid wasp encapsulation. Figure
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or cV genes in hemocytes also led to the formation of
melanotic nodules. Silencing of several mitochondrial
ribosomal genes in hemocytes has been found to result
in melanotic nodules in Drosophila larvae [52]. In addi-
tion, larvae fed with the antimicrobial drug ciprofloxacin
were shown to accumulate melanized masses [55]. Cip-
rofloxacin interferes with mitochondrial DNA replication
and reduces mtDNA copy number [56]. Based on these
data, it is reasonable to surmise that disrupting mito-
chondrial function, either directly by targeting OXPHOS,
or by otherwise reducing mitochondrial performance, is
connected with the formation of melanotic nodules, and
hence the immune activation of hemocytes.

In addition to melanotic nodules, we observed an
enhanced immunocompetence against parasitoid wasps
upon OXPHOS gene silencing, together with a lower
mitochondrial membrane potential (AWYm) in hemo-
cytes. AWm is the electronic charge difference between
the intermembrane space and the mitochondrial matrix,
mainly generated by the action of the proton pumps
functioning in OXPHOS cI, cIII and cIV. Surprisingly,
knockdown of ¢V also caused depolarization of the mito-
chondrial membrane. Bornhovd et al. [57] showed that
destabilizing cV led to a loss of A¥m, possibly by alter-
ing the fluidity of the mitochondrial inner membrane. Of
note, knockdown of OXPHOS clI did not affect A¥m and
cI knockdown had only a small, non-significant, effect on
AW¥m. In addition to depolarization of the mitochondrial
membrane, knocking down cl, III, IV or V resulted in
hemocyte profiles mimicking those of wasp-infected lar-
vae, including the formation of immune-activated hemo-
cyte types such as lamellocytes. Interestingly, cI and cII
knockdowns, had no effect on AYm or melanotic nod-
ule formation, only mildly affected hemocyte profiles,
but improved the encapsulation response against wasps.
This suggests that the OXPHOS silencing improves the
cell-mediated immune response even without affecting
the AWm, but that the loss of AYm is a crucial compo-
nent in the full manifestation of the immune-enhancing
phenotypes we observed.

To better understand how OXPHOS perturbation
is linked to the immune-related phenotypes, we con-
ducted a transcriptomic analysis. AWYm reduction is
a major trigger of stress responses and mitochon-
drial stress can elicit a mitochondrial unfolded pro-
tein response (UPR™!) targeted to repair damaged
mitochondria. In the UPR™, mitochondrial proteo-
static stress leads to a transcriptional response from
the nuclear genome, expression of the mitochondrial
chaperones and proteases [58], and induces meta-
bolic changes such as increased glycolytic activity
[59]. In our transcriptome data, many genes known to
be induced by the UPR™, such as heat shock proteins
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Hsp60A and Hsc70-5 [50, 60, 61], glutathione-S-trans-
ferases and genes involved in glycolysis, translation,
heme biosynthesis and OXPHOS assembly, were upreg-
ulated when UQCR-C1 was knocked down. In addition,
a set of chaperone genes were specifically upregulated
at the early timepoint, whereas mitochondrial trans-
lation and transport genes were upregulated upon
infection in UQCR-CI knockdown samples. This tran-
scriptomic response is characteristic of the UPR™" [36,
37]. In addition to loss of A¥Ym and incorrect folding
and import of mitochondrial proteins [37, 50, 62], the
UPR™ can be induced by OXPHOS dysfunction and
mtDNA instability [50, 60]. The decrease in A¥m that
is caused by the OXPHOS disruption in our model is
likely triggering the UPR™ in hemocytes. Interestingly,
UPR™ activation has been linked, for example, to drug-
induced lifespan extension [63, 64]. By contrast, in our
results the hemocyte-specific UPR™ had either no
effect on the lifespan (ATPsynCF6 knockdown females
and males, /QCR-C1 knockdown in males), or signifi-
cantly reduced it (UQCR-C1 knockdown females).

Faulty function of the ETC is known to increase ROS,
and it was shown earlier that Drosophila ROS primes
hematopoietic stem cells in the larval hematopoietic
organ, the lymph gland, to differentiate into mature
hemocytes (crystal cells, plasmatocytes, lamellocytes)
[65]. Furthermore, H,O, production in hemocytes has
been shown to be required for plasmatocyte activation
upon bacterial infection and at wound sites [66, 67].
Therefore, we investigated whether ROS plays a role in
the hemocyte phenotype produced by the OXPHOS gene
knockdowns. We did not observe consistent changes
in the expression of ROS scavenging or ROS produc-
ing enzymes upon UQCR-CI knockdown, nor did we
observe changes in overall ROS levels in hemocytes upon
knockdown of OXPHOS complexes. Also, silencing anti-
oxidant genes in hemocytes or feeding the antioxidant
NAC to the larvae did not affect hemocyte differentia-
tion, demonstrating that ROS production may not be the
driving force behind the hemocyte activation resulting
from OXPHOS gene knockdown. Of note, Prx2/Jafracl,
upregulated by UQCR-C1 knockdown, has been linked to
p38 (a mitogen-activated protein kinase) signaling path-
way activation via redox signaling events [68]. p38 signal-
ing, in turn, was shown to induce the expression of one of
the three JAK/STAT receptor Domeless ligands (Upd3),
leading to the activation of JAK/STAT signaling and
hypertrophy in the hematopoietic organ, the lymph gland
[69]. As JAK/STAT signaling is one of the signaling path-
ways leading to lamellocyte formation when activated in
hemocytes [33] the p38-JAK/STAT axis may also play a
role in the hemocytes activation phenotype reported
here.
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It is also possible that a metabolic switch involving a
reduction in mitochondrial OXPHOS activity and an
increase in cytosolic aerobic glycolysis in plasmatocytes
is a trigger for their activation and transdifferentiation
into lamellocytes. Metabolic reprogramming is a key
event in mammalian immune cell activation, differentia-
tion and function [70]. Tiwari et al. [71] showed that in
the Drosophila lymph gland, mitochondrial p-oxidation
in progenitor cells is required for hemocyte differentia-
tion, demonstrating that changes in metabolism control
cell identity also in the fly. Metabolic reprogramming has
also been shown in macrophage activation, where pro-
inflammatory macrophages increase aerobic glycolysis
and decrease mitochondrial respiration as soon as four
hours post exposure to a bacterial-derived lipopolysac-
charide [72]. Similarly, Drosophila plasmatocytes switch
to aerobic glycolysis when activated upon encountering
bacteria [46]. Based on our data, knocking down sima or
Ldh is not sufficient to block lamellocyte differentiation
and immune activation induced by OXPHOS disrup-
tion. However, the RNAI efficiencies of the knockdown
lines under control conditions (not infected) were dif-
ficult to determine, as the basal levels of gene expres-
sion of both genes were low to begin with. Furthermore,
hemocyte-targeted cI, clI or cV disruption did not cause
consistent changes in the storage of glycogen, increases
in the levels of trehalose in the hemolymph or increases
in sima expression. Of note, Ldh expression was upregu-
lated in cIII and cV knockdown hemocytes. Similarly to
the knockdown of OXPHOS genes, Ldh knockdown in
hemocytes led to enhanced, not decreased, encapsula-
tion of wasps. Hence, a metabolic switch from OXPHOS
to glycolysis does not seem to be the main driver of the
enhanced immunocompetence and hemocyte activation
observed in the OXPHOS knockdown larvae.

In C. elegans, the UPR™ affects the expression of both
glycolytic and innate immune response genes [73]. It
is likely that in our model the hemocyte activation and
differentiation are induced by a UPR™. We observed
the downregulation of many, mostly humoral, innate
immune response genes upon UQCR-CI knockdown.
This is in contradiction with the C. elegans model,
where the UPR™ caused by mutations in the OXPHOS
complexes enhanced immune responses through tran-
scriptional activation of innate immune response genes
[37, 73, 74]. These differences could be related to differ-
ences in the specific organisation of the immune sys-
tem in these two species, or systemic vs. tissue-specific
OXPHOS perturbations. C. elegans is a multicellular
organism that lacks many classical attributes of innate
immunity such as effector immune cells or Nf-«kB sign-
aling [75], while D. melanogaster has both humoral and
cell-mediated immunity, as well as canonical Nf-kB
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pathways. The downregulation of genes involved in
the humoral innate immune response in our study sys-
tem could be a mechanism for maintaining the balance
between immune responses mediated by the two arms
of the innate immune system, and for avoiding harmful
inflammation caused by an overactive immune system.
In line with this, Campos et al. [73] also reported that a
small subset of immune genes was downregulated by the
UPR™. The fact that this connection between the UPR™
and innate immunity exists in organisms with drastically
different immune system organisation suggests that it
is likely a conserved mechanism. In Drosophila, FoxO-
mediated upregulation of immune response genes as part
of the UPR™ response was reported in a study where the
cl gene ND-75 was transiently disrupted in the whole
fly [60]. Additional studies are required to elucidate the
hemocyte-specific signaling pathway(s) involved in the
UPR™ activation.

Conclusions

We show that mitochondrial function and mitochon-
drial stress responses clearly play an important role in
innate immunity. Several factors influence the effect of
mitochondrial perturbation on the host immunocom-
petence. Ubiquitous or fat body specific knockdown of
OXPHOS genes had detrimental effects on viability, the
latter impairing the flies’ ability to encapsulate and kill
wasps. In contrast, immune cell-targeted OXPHOS per-
turbations enhanced the cell-mediated immunocompe-
tence of the host. These immune-beneficial effects likely
arise from a pre-activation of the immune cells by the
UPR™ stress response. The intricate study of the role of
the UPR™ in hemocytes is complicated by the difficulty
of experimentally inducing it without directly induc-
ing changes in other processes such as ROS production
and metabolism. However, we now show for the first
time that tampering with the mitochondrial function in
hemocytes launches an UPR™-like transcriptomic pro-
file including upregulation of genes involved in glycolysis,
heat shock response and mitochondrial translation, lead-
ing to immune activation of hemocytes.

Methods

Targeted gene silencing

The binary GAL4/UAS expression system [76] was uti-
lized for targeted gene silencing using RNA interference
(RNAi). To express the UAS-RNAIi constructs ubiqui-
tously, the da-GAL4 (Bloomington Drosophila Stock
Center, Indiana University, Bloomington, BL #8641)
driver was used. For fat body-specific gene silencing, the
Fb-GAL4 driver was used [77, 78]. For silencing the gene
expression in hemocytes, a combination of two hemo-
cyte GAL4 drivers, Hml*-GAL4 (BL #30,139, [79]) and
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He-GAL4.Z (BL #8699, [33]), was used and referred to as
Hml">;He>. Of note, He-GAL4 is expressed in all hemo-
cyte classes, including lamellocytes whereas Hmi-GAL4
is not expressed in lamellocytes [33, 79]. RNAI strains
and their respective genetic background w'!/® strains
(called hereafter w°? and w*X) were obtained from the
Vienna Drosophila Resource Center (VDRC). The GAL4
drivers and UAS-RNAI strains are listed in Additional
file 1: Table S1 and Table S2. GAL4/UAS crosses were
performed with 15 GAL4 virgin females and 7 UAS-
RNAi males.

Fluorescent hemocyte reporter strains and overexpression
lines

To identify hemocyte types, the in vivo hemocyte report-
ers the eater-GFP (plasmatocytes, [80]) and msnF9mo-
mCherry (lamellocytes, [81]) combined with Hml*-GAL4;
He-GAL4 [28] were utilized. The combination strain is
referred to as Me; Hml® >; He >. Toll'” and hep® over-
expression lines [33] were a kind gift from Professor Dan
Hultmark.

Fly maintenance

Flies were reared on a diet containing 36 g of mashed
potato powder, 9 g of agar, 45.5 ml corn syrup, 14.5 g of
dry yeast, 8 g of nipagin and 5 g of ascorbic acid per 1
L of water. Fly strains were maintained at 25 °C+0.5 °C.
Experimental crosses were kept at a 12:12LD cycle
at 25 °C+0.5 °C for the first egg laying day and vials
with eggs were either kept at 25 °C+0.5 °C or moved
to 29 °C+0.5 °C (60% humidity), depending on the
experiment.

Viability assay

Viability was assayed from ubiquitous, fat body or hemo-
cyte-targeted OXPHOS complex I-V gene knockdowns.
Females of the parental crosses were left to lay eggs at
25 °C for two subsequent days, and the egg vials were
transferred to 29 °C approximately 1 day after the start
of the egg lay. The developmental stage of the larvae was
checked on the fifth and sixth day after the start of the
egg lay. A final check was done on the eight day, when
control flies had already eclosed.

Hemocyte RNA isolation

3rd instar larvae were dissected in ice cold 1 X Phosphate
Buffered Saline (PBS) on a 12-well glass slide to release
the hemolymph. The hemolymph from 50 larvae (males
and females separately) was pooled per sample (three
replicate samples per genotype) and centrifuged for
7 min at 2500 g at 4 °C to pellet the hemocytes. As much
of the PBS was removed as possible (the hemocyte pel-
let is not visible and is loosely attached on the Eppendorf
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tube) prior to storing the samples at -80 °C. Total RNA
was extracted with the Single Cell RNA Purification Kit
(Norgen Biotek) protocol that is optimized for extracting
RNA from low numbers of cells. Samples were treated
with DNase I (RNAse free DNase I kit, Norgen Biotek) as
described in the manufacturer’s protocol. The RNA qual-
ity was checked using a NanoDrop ND-1000 spectropho-
tometer (Thermo Scientific) and each sample was diluted
to 10 ng/ul prior to storing at -80 °C.

Mitochondrial membrane potential

The MitoProbe " tetramethylrhodamine methyl ester
(TMRM) Assay Kit for Flow Cytometry (Invitrogen) was
used to detect changes in the mitochondrial membrane
potential (A¥m) in hemocytes in response to the knock-
down of genes of the OXPHOS complexes. Hemocytes
from 20 male 3rd instar larvae per sample were used for
the analysis. The larvae were washed and then dissected
in 1xPBS. Samples were stained with 0.4 nM TMRM
for 30 min, protected from light. The negative control
sample was treated with 1 uM carbonyl cyanide m-chlo-
rophenylhydrazone (CCCP) for 5 min prior to the stain-
ing in order to depolarize the mitochondrial membrane.
The samples were then analyzed using a CytoFlex S flow
cytometer (Beckman Coulter). The following channels
and gain settings (in parentheses) were used: FSC (20),
SSC (40), FITC (to detect GFP, 40), PE (TMRM, 80) and
EDC (mCherry, 45). Non-fluorescent hemocytes, and
hemocytes expressing/stained with each fluorophore
individually were used to calculate the color compensa-
tion values and to determine the level of autofluorescence
of the hemocytes. Hemocytes were classified as described
above, and eaterGFPM#" plasmatocytes were used in the
analyses to control for the hemocyte type.

RT-qPCR

RT-qPCR was used to quantify the efficiency of the
knockdown of OXPHOS genes, Ldh and sima, and to
detect the expression levels of the genes of interest in
the larval hemocytes. For the RT-qPCR reactions, the
iTaq Universal Sybr green One-step kit (Bio-Rad) was
used. 10 pl reaction mix per sample was as follows: 5 pl
of iTaq universal SYBR Green reaction mix (2x), 0.125 pl
of iScript reverse transcriptase (RT), 0.3 pl of forward
and reverse primers each (300 nM each), 2 ul of template
RNA (20 ng per reaction) and 2.275 pl of nuclease free
H,O. Each run included a sample without RT and a sam-
ple without an RNA template for quality checking. The
samples were run with a Bio-Rad CFX96 Real-time PCR
system with a reverse transcription reaction for 10 min
at 50 °C, polymerase activation and DNA denaturation
for 1 min at 95 °C followed by 39 cycles of amplification
(denaturation for 10 s at 95 °C, annealing/extension for
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15 s at 60 °C) and a melt-curve analysis at 65-95 °C in
0.5 °C increments. The efficiency of each primer pair
was calculated, and a primer pair was deemed usable, if
the efficiency fell between 90-110% (Additional file 1:
Table S4). The efficiencies were calculated based on
the slope of the regression line obtained from a fivefold
serial dilution of the template RNA (each point assayed
in duplicate), using the following formula: Efficiency
(%) =(-1/10%°P¢ — 1)x100 built into the Bio-Rad soft-
ware. Primers, primer sequences and their efficiencies
are shown in Table S4. The average threshold cycle (Ct)
values were calculated from two technical replicates per
three biological replicates. In all analyses, Histone H3.3B
(His3.3B) was used as a reference gene.

Lifespan assay

For the lifespan assay, 0-2 day old virgin females and
males were kept in standard food vials in pools of 10 flies.
10 biological replicates were included from both sexes.
Flies were flipped three times per week, with the number
of dead flies was recorded simultaneously.

Melanotic nodules

3rd instar larvae were individually dissected in a drop of
water, and the presence of melanotic nodules was deter-
mined using a stereomicroscope. 100 larvae per geno-
type were checked for the presence of melanotic nodules.
Examples of larvae and flies exhibiting melanotic nod-
ules (20 x magnification), and dissected melanotic nod-
ules (40x magnification), were imaged using a Deltapix
Invenio 10EIIl camera (DeltaPix, Denmark) and Nikon
SMZ745T stereomicroscope using the DeltaPix InSight
software.

Parasitoid wasp assay

The parasitoid wasp Leptopilina boulardi strain G486
was used as a natural model to induce the cell-mediated
innate immune response in Drosophila larvae. Female
flies were allowed to lay eggs for 24 h at 25 °C. The eggs
were then transferred to 29 °C for further development.
2nd instar larvae (~72 h after egg lay) were exposed to
12-15 female wasps for two hours at 22 °C, after which
the wasps were removed, and the larvae placed back at
their rearing temperature. The encapsulation response of
the Drosophila larvae was checked from 3rd instar larvae
48 h post infection, by dissecting the larvae individually
in a drop of water under a stereomicroscope. The cellular
immune response of the larvae was determined based on
their ability to fully encapsulate and melanize the wasp
egg/larva. Larvae containing either partially melanized or
completely non-melanized wasp egg/larvae were deemed
as having failed in their immune response. The fly larvae
containing more than two non-melanized wasp eggs or
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larvae were excluded from the experiment. Three rep-
licate crosses per genotype were made, and larvae were
dissected until 50 infected larvae per replicate had been
collected (150 larvae per genotype in total).

Fluorescent hemocyte reporter analysis

Larvae were reared at 29 °C until the 3rd instar stage was
reached, washed 3 times with filtered water and indi-
vidually dissected in 20 pl of 1% Bovine Serum Albumin
(BSA) in 1xPBS. Each sample was topped up to 100 ul
with 1% BSA in PBS and analyzed using an Accuri C6
flow cytometer (Becton Dickinson). Each control and
OXPHOS RNAIi strain was tested on three separate
occasions. Hemocytes were classified based on the fluo-
rescence intensity of the eater-GFP and msn-mCherry
reporters. One-color controls (non-fluorescent, GFP-
only and mCherry-only hemocytes) were used to set up
the gates and to correct fluorescence spill-over to the
wrong channel, as described in [28]. GFP was detected
using a 510/20 nm filter and mCherry using a 610/20 nm
filter, excitation was with the 488 nm laser. With this
method, five hemocyte populations can be detected, two
of which express highly the plasmatocyte reporter eater-
GFP (GFPhigh; plasmatocytes and GFPhigthherryl"W;
activated plasmatocytes), the rest having reduced eater-
GFB along with an increase in mCherry expression
(GEPY; lamelloblasts, GFP*“mCherry"®"; prelamello-
cytes and mCherry"8; lamellocytes).

RNA sequencing

Hemocyte samples were collected and RNA was
extracted for the RNA sequencing as described above.
RNA sequencing samples contained hemocytes from
100 3rd instar male larvae, collected in triplicate. Female
samples were collected simultaneously for RT-qPCR-
based gene expression measurements. The next-genera-
tion sequencing was conducted at the Finnish Functional
Genomics Center (Turku, Finland). Briefly, sample qual-
ity was ensured using Advanced Analytical Fragment
Analyzer and sample concentration was measured with
Qubit® (Life Technologies). Library preparation was
done by using the Illumina Stranded mRNA Library
Preparation kit, with 100 ng of total RNA as start-
ing material. The sequencing run was performed using
[llumina NovaSeq 6000 and base calling was done with
bcl2fastq2 conversion software (NovaSeq 6000).

RNA sequencing data analysis

The sequenced RNA reads were aligned to D. mela-
nogaster reference genome dmeé using STAR aligner ver-
sion "2.7.10a". NCBI Reference Sequence Database gene
model table was used for performing gene transcript
annotation. The R packages edgeR [82] and limma [83]
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were used for the differential gene expression analyses.
The data were normalized and transformed to CPM for
making the comparisons between sample groups. The
data were analyzed using linear models. Genes that
had no detectable expression in all sequenced samples
and genes where fold change in comparison to con-
trol was less than 1.5 were excluded from the analyses.
False discovery rate (FDR) less than 0.1 was considered
significant.

ROS detection

Male UAS-RNAI flies were crossed with females with a
version of the hemocyte driver without the UAS-GFP
constructs (w!''8; + ;Hml*-GAL4,He-GAL4; Additional
file 1: Table S2) and the progeny were reared at 29 °C.
3rd instar male larvae were washed 3 times with filtered
water and hemolymph from pools of 20 larvae were bled
in 250 pl of 1x Schneider’s Drosophila Medium (Gibco)
on ice to obtain hemocytes. 500 nM of the CellROX"™
green reagent (molecular probes for Life Technolo-
gies) diluted in Dimethyl Sulfoxide (DMSO) was added
to 250 pl of sample to assess the level of oxidative stress
in hemocytes. The CellROX " is a probe-based system,
where the probe is only weakly fluorescent in the reduced
state and becomes strongly fluorescent under oxidative
conditions. After 1-h incubation at room temperature in
the dark, 2.5 pl of Propidium iodide (PI) was added and
the samples were immediately analyzed using a CytoFlex
S flow cytometer with the following settings: FSC (20),
SSC (40), FITC (40) and PC5.5 (PI, 170). As a negative
control, larvae were fed with 1 mg/ml NAC starting from
the egg stage.

NADH quantification

Lactate dehydrogenase activity assay kit (Sigma-Aldrich)
was used to detect the reduction of NAD to NADH by
Ldh. Hemocytes from pools of 80-200 mid to late 3rd
instar larvae (sexes pooled; three replicates per a geno-
type) were collected by dissecting the larvae to release
the hemolymph in 1XPBS on ice. Samples were cen-
trifuged for 7 min at 2500 g at 4 °C to pellet the hemo-
cytes and stored at -80 °C until the analysis. An aliquot
of each sample was taken for measuring the total protein
concentration using a BCA assay kit (Merck Millipore).
The analysis was conducted following the manufacturer’s
protocol, except for scaling down the initial amount of
the LDH assay buffer (from 500 ul to 200 ul) and incu-
bating the samples at 23 °C instead of the instructed
37 °C optimized for mammalian cells. The absorbance
was measured at 450 nm with a Wallac Envision 2104
Multilabel Reader (PerkinElmer) and the readings at
the start and at the end (66 min after the initial reading)
were recorded. A NADH standard curve and a positive

Page 18 of 23

control were provided in the kit and run in duplicate, as
were the experimental samples. Three concentrations of
the hemocyte samples were each run in duplicate (1:25;
2:5; and non-diluted). Due to the sample concentrations
in the two dilutions being too low, the non-diluted sam-
ples were used in the analysis. The difference between the
end and the start was calculated and used to determine
the amount of NADH generated, based on the standard
curve.

Glycogen and trehalose measurements

Glycogen, glucose and trehalose were measured using the
GAGO-20 kit (Sigma Glucose (GO) assay kit) following
the protocol in [84]. For glycogen, pools of seven mid-to-
late 3rd instar larvae per sample were homogenized in
100 pl of 1 X PBS. An aliquot of the sample was taken for
measuring the total protein concentration using a BCA
assay kit (Merck Millipore). The remaining sample was
heat-treated (70 °C, 10 min) and centrifuged at 14 000 g
at 4 °C for 3 min. The supernatant was diluted to 1:5 and
pipetted into a 96-well plate in duplicate. The assay was
performed according to the GAGO-20 kit protocol. One
duplicate was treated with GO reagent only and the other
with GO reagent and amyloglucosidase (1 pl of enzyme
per 1 ml of GO reagent) to break down glycogen into
glucose. A blank (30 pl of 1xPBS), a glucose standard
(twofold serial dilutions from 0.01 to 0.16 mg/ml glu-
cose) and a glycogen standard (twofold serial dilutions
from 0.01 to 0.16 mg/ml glycogen) treated with amylo-
glucosidase were also included. The samples were incu-
bated for 30 min at 37 °C, and 100 pl of 12 N sulfuric acid
(H2SO4) was added to stop the enzymatic reaction. The
absorbance at 540 nm was measured with a Wallac Envi-
sion 2104 Multilabel Reader (PerkinElmer). The amount
of free glucose was determined from untreated sam-
ples using the glucose standard curve. To calculate the
amount of glycogen, the absorbance measured for free
glucose in the untreated samples was subtracted from
the absorbance of the samples treated with amyloglucosi-
dase. The amount of glycogen was then determined from
the glycogen standard curve.

For determining trehalose content, pools of 20 lar-
vae were washed carefully in filtered water. Larvae were
pricked using stainless steel Austerlitz insect pins of
0.2 mm diameter (Entomoravia), horizontally from the
posterior end towards the anterior end, avoiding dam-
aging the gut. Pricked larvae were collected in a 100 pm
pluriStrainer mini 100 filter placed in a 1.5 ml Eppendorf
tube on ice. The samples were centrifuged for 7 min at
5000 g at 4 °C and 1 pl of hemolymph was collected. 1 pl
of hemolymph was then mixed with 99 pl of trehalase
buffer (TB, 5 mM Tris pH 6.6, 137 mM NaCl, 2.7 mM
KCl). 25 pl aliquots of samples were snap-frozen and
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stored for a protein concentration measurement. After
heat-inactivating the samples (70 °C, 5 min), each sam-
ple was divided in two aliquots, and 3 pl of Porcine kid-
ney trehalase (Sigma) was added to one of the aliquots
to break down trehalose into glucose. After an overnight
incubation with the enzyme, 30 pl of a blank (1 xPBS),
a glucose standard (twofold serial dilutions from 0.01 to
0.16 mg/ml glucose) and duplicates of the samples were
pipetted into a 96-well plate and the assay was then
performed according to the GAGO-20 kit protocol as
described above. The absorbance at 540 nm was meas-
ured with a Wallac Envision 2104 Multilabel Reader.
The amount of free glucose in the untreated samples
was determined with the help of the glucose standard
curve. The amount of trehalose was calculated by first
subtracting the absorbance of free glucose from the sam-
ples treated with trehalase, and then using the trehalose
standard curve to calculate the trehalose concentration.

Statistical analyses

R version 4.0.4 and Excel version 16.60 (Microsoft) were
used for analyzing the data and R was used for plotting.
The data on proportions (wasp assay, ROS-positive cells)
were analyzed using logistic regression with a binomial
distribution with the Im4 package [85]. In the case of the
immune response against wasps, non-melanized and par-
tially melanized cases were deemed as a failure, and fully
melanized as a success. When needed, pairwise com-
parisons of the strains were analyzed using the multcomp
package [86]. The data on cell counts were analyzed using
a generalized linear model with negative binomial dis-
tribution using the MASS package [87]. The least square
means (estimated marginal means) were analyzed for
multiple comparisons among the strains and the Tukey
method was used for adjusting the p-value using the
emmeans package [88]. Data on trehalose and glycogen
concentrations and gene expression were analyzed using
Kruskall-Wallis tests followed by a pairwise student’s
t-tests or the Wilcox tests. Data on mitochondrial mem-
brane potential were analysed using a one-sample t-test.
The lifespan assay data were analyzed using R packages
ggsurvfit and survminer [89, 90], and a log-rank test for
comparing survival between groups.

Abbreviations

OXPHOS  Oxidative phosphorylation

mtDNA Mitochondrial genome

ROS Reactive oxygen species

DAMP Damage-associated molecular pattern

AMP Antimicrobial peptide

AYm Mitochondrial membrane potential

ccep Carbonyl cyanide 3- chlorophenylhydrazone
AEL After egg lay

PCA Principal component analysis

CPM Counts per million
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GO Gene Ontology

UPR™ Mitochondrial unfolded protein response

H,0, Hydrogen peroxide

NAC N-acetylcysteine

NADH Reduced form of nicotinamide adenine dinucleotide
ETC Electron transport chain

MAPK Mitogen-activated protein kinase

RNAI RNA interference

VDRC Vienna Drosophila Resource Center

TMRM Tetramethylrhodamine methyl ester

RT-gPCR  Reverse Transcription Quantitative Real-time PCR
RT Reverse transcriptase

Ct Threshold cycle

BSA Bovine Serum Album

PBS Phosphate Buffered Saline

FDR False discovery rate

DMSO Dimethy! Sulfoxide

PI Propidium iodide
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Additional file 1: Table S1. RNAj strains. Table S2. Drivers and reporters.
Table S3. Developmental time and viability of OXPHOS KD flies. Table S4.
RT-gPCR primers.

Additional file 2: Fig. S1. Hemocyte-targeted OXPHOS RNAi constructs
efficiently silence the OXPHOS gene expression and alter the mitochon-
drial membrane potential in hemocytes. (A-A’) Knockdown efficiencies
of OXPHOS complex | (ND-75), cll (SdhD), clll (UQCR-CT), clV (COX5B) and
cV (ATPsynCF6) RNAI constructs from the VDRC GD library (STable 1) in (A)
female and (A') male larval hemocytes. clll gene ox and clV gene COX5B
knockdown efficiencies could not be tested due to the short gene length
largely occupied by the RNAI hairpin structure. The percentages refer to
the mean reduction in the mRNA levels in the OXPHOS knockdowns com-
pared to those in the control hemocyte samples. (B) Histograms showing
mitochondrial membrane potential in plasmatocytes measured by flow
cytometry using the MitoProbe™ TMRM stain.

Additional file 3: Fig. S2. Melanotic nodule prevalence and a detailed
hemocyte analysis of OXPHOS complex I-V knockdown in RNAI strains
from the KK library. (A) Quantification of melanotic nodules detected in
the larvae (n=100). (B-B) Survival curves of female (B) and male (B") UQCR-
CT1 and ATPsynCF6 knockdown flies and controls maintained at 25 °C. Log-
rank test was used to compare differences in survival between groups.

*** p<0.001, n=82-100. (C-C™) Quantification of total hemocytes and
classification of hemocyte types based on eater-GFP and msn-mCherry
expression when knocking down selected OXPHOS complex |-V genes

in hemocytes (n=30). Complex-specific target genes are: cl—ND-75,
cll—SdhD, clll—UQCR-C1, cN—COX58B, cV—ATPsynCF6. (C-C") Total,
plasmatocyte (pc) and activated plasmatocyte (act pc) counts. (C"-C™)
Lamelloblast (Ib), prelamellocyte (pre Ic) and lamellocyte (Ic) counts. The
data were analyzed using a generalized linear model with a negative bino-
mial distribution. Stars indicate the statistical difference of the OXPHOS
gene knockdowns compared to the KK library background control (/).
ns=not significant, * p<0.05, ** p<0.01, *** p < 0.001.

Additional file 4: Fig. S3. Encapsulation response in RNAi strains from
the KK library and hemocyte composition of selected GD library strains
after infection. (A) Encapsulation efficiency assayed 48 h after L. boulardi
infection in controls and after OXPHOS gene silencing in hemocytes using
the RNAI strains from the VDRC KK library. (B-B"") Quantification of total
hemocytes and classification of hemocyte types based on eater-GFP and
msn-Cherry expression when knocking down selected OXPHOS genes in
hemocytes (n=30) and infecting the larvae with L. boulardi wasps. Complex-
specific target genes from the GD library: cl—D-75, clll—UQCR-CT and
cV—ATPsynCF6. (B-B") Total, plasmatocyte (pc) and activated plasmatocyte
(act pc) counts. (B"-B"™) Lamelloblast (Ib), prelamellocyte (pre Ic) and
lamellocyte (Ic) counts. The data were analyzed using a generalized linear
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model with a negative binomial distribution. Stars indicate the statistical
difference of the OXPHOS gene knockdowns to the background control.
ns=not significant, * p<0.05, ** p<0.01, *** p<0.001.

Additional file 5: Fig. S4. Hemocyte analysis of control and UQCR-C1
hemocyte knockdown larvae 90, 92 and 96 h after egg lay. (A-A") Total,
plasmatocyte (pc) and activated plasmatocyte (act pc) counts. (A"-A"™)
Lamelloblast (Ib), prelamellocyte (pre Ic) and lamellocyte (Ic) counts. The
data were analyzed using a generalized linear model with a negative bino-
mial distribution. (B-B") Mitochondrial membrane potential in control and
in UQCR-CT knockdown hemocytes 90 h after egg lay was measured using
the MitoProbe™ TMRM stain. The data were analyzed using one-sample
t-test, comparing the ratio to a value of 1. ns=not significant, * p < 0.05, **
p<0.01,** p<0.001.

Additional file 6. Differentially expressed genes, their log2 fold changes,
p-values and FDR corrected p-values per comparison.

Additional file 7. Lists of upregulated lamellocyte marker genes.
Additional file 8. Significant GO terms per comparison.

Additional file 9: Fig. S5. ROS production is not crucial for the OXPHOS
perturbation-related enhancement in immune response. (A) Heatmap
showing the gene expression changes of genes related to reactive oxygen
species (ROS) detoxification in early and late timepoints after UQCR-CT
knockdown and after wasp infection. (B-B) Reactive oxygen species
(ROS) were measured using the CellROX™ Green reagent. (B) CellROX
Green signal in control hemocytes and in hemocytes obtained from
N-acetyl cysteine (NAC)-fed larvae. (B') CellROX™ Green signal in control
hemocytes and in hemocytes with a knockdown of OXPHOS cl, clll or cV
genes. (C-C') ROS levels were quantified as (C) a ratio of the CellROX™
Green signal in the OXPHOS complex knockdown hemocytes to that of
the control hemocytes and as (C') a proportion of hemocytes positive for
the CellROX™ Green signal (n=3, 5000-7000 hemocytes per replicate).
cl=ND-75, clll=ox, cV=ATPsynCF6. The ratios were analyzed using one-
sample t-tests, comparing the ratios to a value of 1. The percentages were
analyzed using a logistic regression with a binomial distribution. ns=not
significant, ¥ p<0.05, ** p<0.01, *** p<0.001. (D) Control and antioxidant
(AO) gene knockdown larvae were infected with L. boulardi wasps and the
melanization response against the wasp eggs and larvae was assessed
(n=150). The data were analyzed using logistic regression with a binomial
distribution. Replication was included as a random factor in the analyzes.
(E-E™) Quantification of total hemocytes and hemocyte types classified
based on eater-GFP and msn-Cherry expression when knocking down the
AO genes in hemocytes of male larvae (n=10). Of note, control samples
are the same as in Fig. 2 C—C"" (n=30). Asterisks indicate the statistical dif-
ference between the AO knockdowns and the control. Error bars indicate
standard error of the mean. (F-F") Hemocyte quantification from control
(W) and UQCR-C1 knockdown male larvae fed with normal food (-) or
food containing 1 mg/ml NAC (+), (n =30 for w°?-; 40 for UQCR-C1°P-; 35
for w4+ and 39 for UQCR-C1°P +). The data on hemocyte counts were
analyzed using a generalized linear model with a negative binomial distri-
bution. ns=not significant, * p<0.05, ** p<0.01, *** p<0.001.

™

Additional file 10: Fig. S6. Knocking down Ldh or sima in hemocytes
does not affect hemocyte activation or differentiation. (A-B') Expression
of (A-A') sima and (B-B') Ldh was measured in hemocytes of 3rd instar
OXPHOS knockdown (GD library) female and male larvae and is shown
here normalized to the expression of the control gene His3.3B expression,
and relative to the gene expression level in the hemocytes of control
animals. cl—D-75, cll = SdhD, clll—ox and cV—ATPsynCFé6. Data on overall
differences were analyzed using the Kruskal-Wallis test. When needed,
pairwise differences were analyzed using the t-test, applying Bonferroni
method to correct for multiple comparisons. ns=not significant, * p <0.05,
**p<0.01,*** p<0.001. (C-C') Knockdown efficiencies of sima and Ldh
RNAi constructs in hemocytes of (C) female and (C') male larvae normal-
ized to His3.3B expression. Differences between the knockdowns and
controls were analyzed using t-tests. (D) Ldh gene expression in control
and sima knockdown hemocytes in males, normalized to His3.3B expres-
sion. (E) Production of NADH was measured as a readout of Ldh activity
in control and Ldh knockdown hemocytes. Data shown is normalized to
the amount of protein (ug/ul) to account for different amounts of starting

material. Data in (D-E) were analyzed with t-tests. (F-F"") Quantification of
total hemocytes and classification of hemocyte types based on eater-GFP
and msn-mCherry expression in controls, in UQCR-CT and sima single
knockdown, as well as in sima; UQCR-C1 and Ldh; ATPsynCF6 double knock-
downs (n=30). Data from female larvae are presented. Two backgrounds
strains (W and w**) had very similar hemocyte profiles (similarly to males
in Fig. 5C-C"™), but with some statistically significant differences (under-
lined symbols above them). Not underlined significance symbols above
the samples indicate their difference to the control. In the case of the
double knockdowns, lower underlined symbol indicates the difference

to either UQCR-C1 or ATPsynCé6 single knockdowns and upper symbol in
grey the difference to the control. total =total circulating hemocyte count,
pc = plasmatocytes, act pc =activated plasmatocytes, Ib=1lamelloblasts,
pre lc=pre-lamellocytes, Ic =lamellocytes. The data were analyzed using

a generalized linear model with a negative binomial distribution. ns=not
significant, * p<0.05, ** p<0.01, *** p<0.001.

Additional file 11: Fig. S7. Knockdown of the OXPHOS genes in hemo-
cytes does not cause major changes in glycogen or trehalose levels. (A-A')
Storage sugar glycogen content normalized to protein content in (A)
female and (A') male larvae with OXPHOS knockdown in hemocytes. (B-B')
Content of circulating trehalose in hemolymph normalized to protein
content in (B) female and (B) male larval hemolymph with OXPHOS
knockdown in hemocytes. cl—D-75, clll—ox and cV—ATPsynCF6. The data
were analyzed using pairwise t-tests, comparing each knockdown to the
control (W°P). ns=not significant, * p<0.05, ** p< 0.01, *** p <0.001.

Acknowledgements

We thank Angelika Pollaniemi for technical assistance, Matthew Maasdorp for
proofreading the manuscript, Tilman Tietz for commenting on the manuscript
and helping with the experimental crosses and Eric Dufour for comment-

ing on the manuscript. The Drosophila work was carried out in the Tampere
Drosophila Facility, which is partly funded by Biocenter Finland. The Tampere
facility of Flow Cytometry is acknowledged for their services. We thank Finnish
Functional Genomics Centre supported by University of Turku, Abo Akademi
University and Biocenter Finland.

Authors’ contributions

LV - original draft, experimental work, data analysis, result figures, supervi-
sion. YB - original draft, experimental work, data analysis, result figures. TT

- experimental work. AN — RNA-seq data processing. ES — experimental work.
PV - review and editing. TSS - original idea, original draft, funding acquisition,
supervision, project administration, experimental work. All authors read and
approved the final manuscript.

Funding

Open access funding provided by Tampere University (including Tampere
University Hospital). Financial support was provided by Tampere University
Doctoral School funding to YB, a Leverhulme Trust Research Project grant
(RPG-2018-369) and a Branco Weiss Fellowship to PV and the Academy of
Finland (322732, 328979 and 353367) and the Sigrid Jusélius foundation
(3122800849) grants to TSS. The funders had no role in study design, data col-
lection and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
The RNA-seq data from this study have been submitted to NCBI Gene Expres-
sion Omnibus (GEO) accession number GSE237367 [91, 92].

Declarations

Ethics approval and consent to participate
Research was conducted using the Drosophila model, which currently does
not require an ethics permit.

Consent for publication
All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.



Vesala et al. BMC Biology

(2024) 22:60

Received: 31 August 2023 Accepted: 28 February 2024
Published online: 13 March 2024

References

1.

20.

Monzio Compagnoni G, Di Fonzo A, Corti S, Comi GP, Bresolin N, Masliah
E.The role of mitochondria in neurodegenerative diseases: the les-

son from Alzheimer’s disease and Parkinson’s disease. Mol Neurobiol.
2020,57:2959-80. https://doi.org/10.1007/512035-020-01926-1.

Russell OM, Gorman GS, Lightowlers RN, Turnbull DM. Mitochondrial
diseases: hope for the future. Cell. 2020;181:168-88. https://doi.org/10.
1016/j.cell.2020.02.051.

Anderson G, Maes M. Mitochondria and immunity in chronic fatigue syn-
drome. Prog Neuropsychopharmacol Biol Psychiatry. 2020;103:109976.
https://doi.org/10.1016/j.pnpbp.2020.109976.

De Biasi S, Simone AM, Bianchini E, Lo Tartaro D, Pecorini S, Nasi M, et al.
Mitochondrial functionality and metabolism in T cells from progressive
multiple sclerosis patients. Eur J Immunol. 2019;49:2204-21. https://doi.
0rg/10.1002/€ji.201948223.

Giménez-Palomo A, Dodd S, Anmella G, Carvalho AF, Scaini G, Quevedo
J, et al. The role of mitochondria in mood disorders: from physiology to
pathophysiology and to treatment. Front Psychiatry. 2021;12:546801.
https://doi.org/10.3389/fpsyt.2021.546801.

Zhang Y, Zhang J, Duan L. The role of microbiota-mitochondria crosstalk
in pathogenesis and therapy of intestinal diseases. Pharmacol Res.
2022;186:106530. https://doi.org/10.1016/j.phrs.2022.106530.

Breda CN de S, Davanzo GG, Basso PJ, Saraiva Camara NO, Moraes-Vieira
PMM. Mitochondria as central hub of the immune system. Redox Biol.
2019,26:101255. https://doi.org/10.1016/j.redox.2019.101255.

Mills EL, Kelly B, O'Neill LAJ. Mitochondria are the powerhouses of immu-
nity. Nat Immunol. 2017;18:488-98. https://doi.org/10.1038/ni.3704.
Mohanty A, Tiwari-Pandey R, Pandey NR. Mitochondria: the indispensable
players in innate immunity and guardians of the inflammatory response.
J Cell Commun Signal. 2019;13:303-18. https://doi.org/10.1007/512079-
019-00507-9.

Salminen TS, Vale PF. Drosophila as a model system to investigate the
effects of mitochondrial variation on innate immunity. Front Immunol.
2020;11:521. https://doi.org/10.3389/fimmu.2020.00521.

Shekhova E. Mitochondrial reactive oxygen species as major effectors of
antimicrobial immunity. PLOS Pathog. 2020;16:€1008470. https://doi.org/
10.1371/journal.ppat.1008470.

Tiku V, Tan M-W, Dikic I. Mitochondrial functions in infection and immunity.
Trends Cell Biol. 2020;30:263-75. https://doi.org/10.1016/j.tcb.2020.01.006.
Krysko DV, Agostinis P, Krysko O, Garg AD, Bachert C, Lambrecht BN, et al.
Emerging role of damage-associated molecular patterns derived from
mitochondria in inflammation. Trends Immunol. 2011;32:157-64. https://
doi.org/10.1016/j.it.2011.01.005.

Kapnick SM, Pacheco SE, McGuire PJ. The emerging role of immune
dysfunction in mitochondrial diseases as a paradigm for understanding
immunometabolism. Metabolism. 2018;81:97-112. https://doi.org/10.
1016/j.metabol.2017.11.010.

Buchanan JL, Meiklejohn CD, Montooth KL. Mitochondrial dysfunction
and infection generate immunity-fecundity tradeoffs in drosophila. Integr
Comp Biol. 2018;58:591-603. https://doi.org/10.1093/icb/icy078.

Buchon N, Silverman N, Cherry S. Immunity in Drosophila melanogaster
— from microbial recognition to whole-organism physiology. Nat Rev
Immunol. 2014;14:796-810. https://doi.org/10.1038/nri3763.

Yongmei Xi YZ. Fat body development and its function in energy stor-
age and nutrient sensing in drosophila melanogaster. J Tissue Sci Eng
2015,06. https://doi.org/10.4172/2157-7552.1000141.

Yu'S, Luo F, Xu'Y, Zhang Y, Jin LH. Drosophila innate immunity involves
multiple signaling pathways and coordinated communication between
different tissues. Front Immunol. 2022;13:905370. https://doi.org/10.3389/
fimmu.2022.905370.

Hultmark D. Drosophila immunity: paths and patterns. Curr Opin Immu-
nol. 2003;15:12-9. https://doi.org/10.1016/50952-7915(02)00005-5.

Holz A, Bossinger B, Strasser T, Janning W, Klapper R. The two origins of
hemocytes in Drosophila. Development. 2003;130:4955-62. https://doi.
org/10.1242/dev.00702.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 21 of 23

Weavers H, Wood W. Creating a buzz about macrophages: the fly as an

in vivo model for studying immune cell behavior. Dev Cell. 2016,38:129-
32. https://doi.org/10.1016/j.devcel.2016.07.002.

Rizki MTM. Alterations in the haemocyte population of Drosophila
melanogaster. J Morphol. 1957;100:437-58. https://doi.org/10.1002/jmor.
1051000303.

Wang L, Kounatidis |, Ligoxygakis P. Drosophila as a model to study the
role of blood cells in inflammation, innate immunity and cancer. Front
Cell Infect Microbiol. 2014;3. https://doi.org/10.3389/fcimb.2013.00113.
Galko MJ, Krasnow MA. Cellular and genetic analysis of wound healing in
drosophila larvae. PLoS Biol. 2004;2:e239. https://doi.org/10.1371/journal.
pbio.0020239.

Leitdo AB, Sucena E. Drosophila sessile hemocyte clusters are true
hematopoietic tissues that regulate larval blood cell differentiation. eLife.
2015;4:€06166. https://doi.org/10.7554/eLife.06166.

Krzemien J, Oyallon J, Crozatier M, Vincent A. Hematopoietic progeni-
tors and hemocyte lineages in the Drosophila lymph gland. Dev Biol.
2010;346:310-9. https://doi.org/10.1016/j.ydbio.2010.08.003.

Makhijani K, Alexander B, Tanaka T, Rulifson E, Briickner K. The peripheral
nervous system supports blood cell homing and survival in the Dros-
ophila larva. Development. 2011;138:5379-91. https://doi.org/10.1242/
dev.067322.

Anderl |, Vesala L, Ihalainen TO, Vanha-aho LM, Andé |, Rémet M, et al.
Transdifferentiation and proliferation in two distinct hemocyte lineages
in drosophila melanogaster larvae after wasp infection. PLOS Pathog.
2016;12:e1005746. https://doi.org/10.1371/journal. ppat.1005746.

Markus R, Laurinyecz B, Kurucz E, Honti V, Bajusz |, Sipos B, et al. Sessile
hemocytes as a hematopoietic compartment in Drosophila melanogaster.
Proc Natl Acad Sci. 2009;106:4805-9. https://doi.org/10.1073/pnas.08017
66106.

Stofanko M, Kwon SY, Badenhorst P. Lineage tracing of lamellocytes dem-
onstrates drosophila macrophage plasticity. PLoS ONE. 2010;5:e14051.
https://doi.org/10.1371/journal.pone.0014051.

Salminen TS, Cannino G, Oliveira MT, Lillsunde P, Jacobs HT, Kaguni LS.
Lethal interaction of nuclear and mitochondrial genotypes in Drosophila
melanogaster. G3 (Bethesda). 2019,9:2225-34. https://doi.org/10.1534/93.
119.400315.

Minakhina S, Steward R. Melanotic mutants in drosophila: pathways and
phenotypes. Genetics. 2006;174:253-63. https://doi.org/10.1534/genet
ics.106.061978.

Zettervall C-J, Anderl |, Williams MJ, Palmer R, Kurucz E, Ando |, et al. A
directed screen for genes involved in Drosophila blood cell activation.
Proc Natl Acad Sci. 2004;101:14192-7. https://doi.org/10.1073/pnas.
0403789101.

Hultmark D, Andé I. Hematopoietic plasticity mapped in Drosophila and
other insects. eLife. 2022;11:e78906. https://doi.org/10.7554/eLife.78906.
Lyne R, Smith R, Rutherford K, Wakeling M, Varley A, Guillier F, et al.
FlyMine: an integrated database for Drosophila and Anopheles genomics.
Genome Biol. 2007;8:R129. https://doi.org/10.1186/gb-2007-8-7-r129.
Nargund AM, Pellegrino MW, Fiorese CJ, Baker BM, Haynes CM. Mitochon-
drial import efficiency of ATFS-1 regulates mitochondrial UPR activation.
Science. 2012;337:587-90. https://doi.org/10.1126/science.1223560.

Liu S, Liu S, Jiang H. Multifaceted roles of mitochondrial stress responses
under ETC dysfunction - repair, destruction and pathogenesis. FEBS J.
2022;289:6994-7013. https://doi.org/10.1111/febs.16323.

Zhao R, Jiang S, Zhang L, Yu Z. Mitochondrial electron transport chain,
ROS generation and uncoupling (Review). Int J Mol Med. 2019. https://
doi.org/10.3892/ijmm.2019.4188.

Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, ArcoraciV, et al.
Oxidative stress: harms and benefits for human health. Oxid Med Cell
Longev. 2017;2017:1-13. https://doi.org/10.1155/2017/8416763.

Kwong LK, Mockett RJ, Bayne ACV, Orr WC, Sohal RS. Decreased
mitochondrial hydrogen peroxide release in transgenic drosophila mela-
nogaster expressing intramitochondrial catalase. Arch Biochem Biophys.
2000;383:303-8. https://doi.org/10.1006/abbi.2000.2093.

Perkins A, Nelson KJ, Parsonage D, Poole LB, Karplus PA. Peroxiredoxins:
guardians against oxidative stress and modulators of peroxide signaling.
Trends Biochem Sci. 2015;40:435-45. https://doi.org/10.1016/j.tibs.2015.
05.001.


https://doi.org/10.1007/s12035-020-01926-1
https://doi.org/10.1016/j.cell.2020.02.051
https://doi.org/10.1016/j.cell.2020.02.051
https://doi.org/10.1016/j.pnpbp.2020.109976
https://doi.org/10.1002/eji.201948223
https://doi.org/10.1002/eji.201948223
https://doi.org/10.3389/fpsyt.2021.546801
https://doi.org/10.1016/j.phrs.2022.106530
https://doi.org/10.1016/j.redox.2019.101255
https://doi.org/10.1038/ni.3704
https://doi.org/10.1007/s12079-019-00507-9
https://doi.org/10.1007/s12079-019-00507-9
https://doi.org/10.3389/fimmu.2020.00521
https://doi.org/10.1371/journal.ppat.1008470
https://doi.org/10.1371/journal.ppat.1008470
https://doi.org/10.1016/j.tcb.2020.01.006
https://doi.org/10.1016/j.it.2011.01.005
https://doi.org/10.1016/j.it.2011.01.005
https://doi.org/10.1016/j.metabol.2017.11.010
https://doi.org/10.1016/j.metabol.2017.11.010
https://doi.org/10.1093/icb/icy078
https://doi.org/10.1038/nri3763
https://doi.org/10.4172/2157-7552.1000141
https://doi.org/10.3389/fimmu.2022.905370
https://doi.org/10.3389/fimmu.2022.905370
https://doi.org/10.1016/S0952-7915(02)00005-5
https://doi.org/10.1242/dev.00702
https://doi.org/10.1242/dev.00702
https://doi.org/10.1016/j.devcel.2016.07.002
https://doi.org/10.1002/jmor.1051000303
https://doi.org/10.1002/jmor.1051000303
https://doi.org/10.3389/fcimb.2013.00113
https://doi.org/10.1371/journal.pbio.0020239
https://doi.org/10.1371/journal.pbio.0020239
https://doi.org/10.7554/eLife.06166
https://doi.org/10.1016/j.ydbio.2010.08.003
https://doi.org/10.1242/dev.067322
https://doi.org/10.1242/dev.067322
https://doi.org/10.1371/journal.ppat.1005746
https://doi.org/10.1073/pnas.0801766106
https://doi.org/10.1073/pnas.0801766106
https://doi.org/10.1371/journal.pone.0014051
https://doi.org/10.1534/g3.119.400315
https://doi.org/10.1534/g3.119.400315
https://doi.org/10.1534/genetics.106.061978
https://doi.org/10.1534/genetics.106.061978
https://doi.org/10.1073/pnas.0403789101
https://doi.org/10.1073/pnas.0403789101
https://doi.org/10.7554/eLife.78906
https://doi.org/10.1186/gb-2007-8-7-r129
https://doi.org/10.1126/science.1223560
https://doi.org/10.1111/febs.16323
https://doi.org/10.3892/ijmm.2019.4188
https://doi.org/10.3892/ijmm.2019.4188
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1006/abbi.2000.2093
https://doi.org/10.1016/j.tibs.2015.05.001
https://doi.org/10.1016/j.tibs.2015.05.001

Vesala et al. BMC Biology

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

(2024) 22:60

Lennicke C, Rahn J, Lichtenfels R, Wessjohann LA, Seliger B. Hydrogen
peroxide — production, fate and role in redox signaling of tumor cells. Cell
Commun Signal. 2015;13:39. https://doi.org/10.1186/512964-015-0118-6.
Coles BF, Kadlubar FF. Detoxification of electrophilic compounds by
glutathione S-transferase catalysis: determinants of individual response
to chemical carcinogens and chemotherapeutic drugs? BioFactors.
2003;17:115-30. https://doi.org/10.1002/biof.5520170112.

Celotto AM, Liu Z, VanDemark AP, Palladino MJ. A novel D rosopHiLa SOD 2
mutant demonstrates a role for mitochondrial ROS in neurodevelopment
and disease. Brain Behav. 2012;2:424-34. https://doi.org/10.1002/brb3.73.
Missirlis F, Hu J, Kirby K, Hilliker AJ, Rouault TA, Phillips JP. Compartment-
specific protection of iron-sulfur proteins by superoxide dismutase. J Biol
Chem. 2003;278:47365-9. https://doi.org/10.1074/jbc.M307700200.
Krej¢ové G, Danielové A, Nedbalova P, Kazek M, Strych L, Chawla G, et al.
Drosophila macrophages switch to aerobic glycolysis to mount effective
antibacterial defense. eLife. 2019;8:250414. https://doi.org/10.7554/eLife.
50414,

Tuppen HAL, Blakely EL, Turnbull DM, Taylor RW. Mitochondrial DNA
mutations and human disease. Biochim Biophys Acta BBA - Bioenerg.
2010;1797:113-28. https://doi.org/10.1016/j.bbabio.2009.09.005.

Zhang C, Montooth KL, Calvi BR. Incompatibility between mitochondrial
and nuclear genomes during oogenesis results in ovarian failure and
embryonic lethality. Development. 2017:dev.151951. https://doi.org/10.
1242/dev.151951.

Singh F, Charles A-L, Schlagowski A-I, Bouitbir J, Bonifacio A, Piquard F,

et al. Reductive stress impairs myoblasts mitochondrial function and trig-
gers mitochondrial hormesis. Biochim Biophys Acta BBA - Mol Cell Res.
2015;1853:1574-85. https://doi.org/10.1016/j.bbamcr.2015.03.006.
Owusu-Ansah E, Song W, Perrimon N. Muscle mitohormesis promotes
longevity via systemic repression of insulin signaling. Cell. 2013;155:699—
712. https://doi.org/10.1016/j.cell.2013.09.021.

Colaco HG, Barros A, Neves-Costa A, Seixas E, Pedroso D, Velho T, et al.
Tetracycline antibiotics induce host-dependent disease tolerance to
infection. Immunity. 2020:51074761320304052. https://doi.org/10.1016/j.
immuni.2020.09.011.

Avet-Rochex A, Boyer K, Polesello C, Gobert V, Osman D, Roch F, et al.

An in vivo RNA interference screen identifies gene networks control-

ling Drosophila melanogasterblood cell homeostasis. BMC Dev Biol.
2010;10:65. https://doi.org/10.1186/1471-213X-10-65.

Ekas LA, Cardozo TJ, Flaherty MS, McMillan EA, Gonsalves FC, Bach EA.
Characterization of a dominant-active STAT that promotes tumorigenesis
in Drosophila. Dev Biol. 2010;344:621-36. https://doi.org/10.1016/j.ydbio.
2010.05.497.

Kim MJ, Choe KM. Basement membrane and cell integrity of self-tissues
in maintaining drosophila immunological tolerance. PLoS Genet.
2014;10:21004683. https://doi.org/10.1371/journal.pgen.1004683.

Liu J, Li X, Wang X. Toxicological effects of ciprofloxacin exposure to Dros-
ophila melanogaster. Chemosphere. 2019,237:124542. https://doi.org/10.
1016/j.chemosphere.2019.124542.

Hangas A, Aasumets K, Kekéldinen NJ, Paloheind M, Pohjoismaki JL,
Gerhold JM, et al. Ciprofloxacin impairs mitochondrial DNA replication
initiation through inhibition of Topoisomerase 2. Nucleic Acids Res.
2018;46:9625-36. https://doi.org/10.1093/nar/gky793.

Bornhovd C, Vogel F, Neupert W, Reichert AS. Mitochondrial membrane
potential is dependent on the oligomeric state of F1FO-ATP synthase
supracomplexes. J Biol Chem. 2006,281:13990-8. https://doi.org/10.1074/
jbc.M512334200.

Aldridge JE, Horibe T, Hoogenraad NJ. Discovery of genes activated by
the Mitochondrial Unfolded Protein Response (mtUPR) and cognate pro-
moter elements. PLoS ONE. 2007;2:e874. https://doi.org/10.1371/journal.
pone.0000874.

Nargund AM, Fiorese CJ, Pellegrino MW, Deng P, Haynes CM. Mito-
chondrial and nuclear accumulation of the transcription factor ATFS-1
promotes OXPHOS recovery during the UPRmt. Mol Cell. 2015;58:123-33.
https://doi.org/10.1016/j.molcel.2015.02.008.

Borch Jensen M, QiY, Riley R, Rabkina L, Jasper H. PGAMS5 promotes
lasting FoxO activation after developmental mitochondrial stress and
extends lifespan in Drosophila. eLife. 2017,6:226952. https://doi.org/10.
7554/elife.26952.

Deng J, Wang P, Chen X, Cheng H, Liu J, Fushimi K, et al. FUS interacts
with ATP synthase beta subunit and induces mitochondrial unfolded

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 22 of 23

protein response in cellular and animal models. Proc Natl Acad Sci.
2018;115. https://doi.org/10.1073/pnas.1806655115.

Rolland SG, Schneid S, Schwarz M, Rackles E, Fischer C, Haeussler S, et al.
Compromised mitochondrial protein import acts as a signal for UPRmt.
Cell Rep. 2019;28:1659-1669.e5. https://doi.org/10.1016/j.celrep.2019.07.049.
Houtkooper RH, Mouchiroud L, Ryu D, Moullan N, Katsyuba E, Knott G,
et al. Mitonuclear protein imbalance as a conserved longevity mecha-
nism. Nature. 2013,497:451-7. https://doi.org/10.1038/nature12188.
Mouchiroud L, Houtkooper RH, Moullan N, Katsyuba E, Ryu D, Canté C,
et al. The NAD+/Sirtuin pathway modulates longevity through activation
of mitochondrial UPR and FOXO signaling. Cell. 2013;154:430-41. https://
doi.org/10.1016/j.cell.2013.06.016.

Owusu-Ansah E, Banerjee U. Reactive oxygen species prime Drosophila
haematopoietic progenitors for differentiation. Nature. 2009;461:537-41.
https://doi.org/10.1038/nature08313.

Myers AL, Harris CM, Choe K-M, Brennan CA. Inflammatory production
of reactive oxygen species by Drosophila hemocytes activates cellular
immune defenses. Biochem Biophys Res Commun. 2018;505:726-32.
https://doi.org/10.1016/j.bbrc.2018.09.126.

Chakrabarti S, Visweswariah SS. Intramacrophage ROS primes the
innate immune system via JAK/STAT and toll activation. Cell Rep.
2020;33:108368. https://doi.org/10.1016/j.celrep.2020.108368.

Barata AG, Dick TP. A role for peroxiredoxins in H202- and MEKK-depend-
ent activation of the p38 signaling pathway. Redox Biol. 2020;28:101340.
https://doi.org/10.1016/j.redox.2019.101340.

Terriente-Félix A, Pérez L, Bray SJ, Nebreda AR, Mildn M. Drosophila
model of myeloproliferative neoplasm reveals a feed-forward loop in
the JAK pathway mediated by p38 MAPK signalling. Dis Model Mech.
2017:dmm.028118. https://doi.org/10.1242/dmm.028118.

Steinert EM, Vasan K, Chandel NS. Mitochondrial metabolism regula-
tion of T cell-mediated immunity. Annu Rev Immunol. 2021;39:395-416.
https://doi.org/10.1146/annurev-immunol-101819-082015.

Tiwari SK, Toshniwal AG, Mandal S, Mandal L. Fatty acid 3-oxidation is
required for the differentiation of larval hematopoietic progenitors in
Drosophila. eLife. 2020;9:e53247. https://doi.org/10.7554/eLife.53247.
Haschemi A, Kosma P, Gille L, Evans CR, Burant CF, Starkl P, et al. The
sedoheptulose kinase CARKL directs macrophage polarization through
control of glucose metabolism. Cell Metab. 2012;15:813-26. https://doi.
org/10.1016/j.cmet.2012.04.023.

Campos JC, Wu Z, Rudich PD, Soo SK, Mistry M, Ferreira JC, et al. Mild
mitochondrial impairment enhances innate immunity and longevity
through ATFS-1 and p38 signaling. EMBO Rep. 2021,22:e52964. https://
doi.org/10.15252/embr.202152964.

Pellegrino MW, Nargund AM, Kirienko NV, Gillis R, Fiorese CJ, Haynes CM.
Mitochondrial UPR-regulated innate immunity provides resistance to
pathogen infection. Nature. 2014;516:414-7. https://doi.org/10.1038/
nature13818.

Pukkila-Worley R, Ausubel FM. Immune defense mechanisms in the
Caenorhabditis elegans intestinal epithelium. Curr Opin Immunol.
2012;24:3-9. https://doi.org/10.1016/j.c0i.2011.10.004.

Brand AH, Perrimon N. Targeted gene expression as a means of alter-
ing cell fates and generating dominant phenotypes. Dev Camb Engl.
1993;118:401-15.

Gronke S, Beller M, Fellert S, Ramakrishnan H, Jackle H, Kihnlein RP.
Control of fat storage by a Drosophila PAT Domain Protein. Curr Biol.
2003;13:603-6. https://doi.org/10.1016/50960-9822(03)00175-1.

Schmid MR, Anderl |, Vesala L, Vanha-aho L-M, Deng X-J, Ramet M, et al.
Control of drosophila blood cell activation via toll signaling in the fat
body. PLoS ONE. 2014;9:2102568. https://doi.org/10.1371/journal.pone.
0102568.

Sinenko SA, Mathey-Prevot B. Increased expression of Drosophila tetras-
panin, Tsp68C, suppresses the abnormal proliferation of ytr-deficient and
Ras/Raf-activated hemocytes. Oncogene. 2004,23:9120-8. https://doi.
org/10.1038/sj.onc.1208156.

Sorrentino RP, Tokusumi T, Schulz RA. The Friend of GATA protein
U-shaped functions as a hematopoietic tumor suppressor in Drosophila.
Dev Biol. 2007;311:311-23. https://doi.org/10.1016/j.ydbio.2007.08.011.
Tokusumi T, Sorrentino RP, Russell M, Ferrarese R, Govind S, Schulz RA.
Characterization of a lamellocyte transcriptional enhancer located
within the misshapen gene of drosophila melanogaster. PLoS ONE.
2009;4:€6429. https://doi.org/10.1371/journal.pone.0006429.


https://doi.org/10.1186/s12964-015-0118-6
https://doi.org/10.1002/biof.5520170112
https://doi.org/10.1002/brb3.73
https://doi.org/10.1074/jbc.M307700200
https://doi.org/10.7554/eLife.50414
https://doi.org/10.7554/eLife.50414
https://doi.org/10.1016/j.bbabio.2009.09.005
https://doi.org/10.1242/dev.151951
https://doi.org/10.1242/dev.151951
https://doi.org/10.1016/j.bbamcr.2015.03.006
https://doi.org/10.1016/j.cell.2013.09.021
https://doi.org/10.1016/j.immuni.2020.09.011
https://doi.org/10.1016/j.immuni.2020.09.011
https://doi.org/10.1186/1471-213X-10-65
https://doi.org/10.1016/j.ydbio.2010.05.497
https://doi.org/10.1016/j.ydbio.2010.05.497
https://doi.org/10.1371/journal.pgen.1004683
https://doi.org/10.1016/j.chemosphere.2019.124542
https://doi.org/10.1016/j.chemosphere.2019.124542
https://doi.org/10.1093/nar/gky793
https://doi.org/10.1074/jbc.M512334200
https://doi.org/10.1074/jbc.M512334200
https://doi.org/10.1371/journal.pone.0000874
https://doi.org/10.1371/journal.pone.0000874
https://doi.org/10.1016/j.molcel.2015.02.008
https://doi.org/10.7554/eLife.26952
https://doi.org/10.7554/eLife.26952
https://doi.org/10.1073/pnas.1806655115
https://doi.org/10.1016/j.celrep.2019.07.049
https://doi.org/10.1038/nature12188
https://doi.org/10.1016/j.cell.2013.06.016
https://doi.org/10.1016/j.cell.2013.06.016
https://doi.org/10.1038/nature08313
https://doi.org/10.1016/j.bbrc.2018.09.126
https://doi.org/10.1016/j.celrep.2020.108368
https://doi.org/10.1016/j.redox.2019.101340
https://doi.org/10.1242/dmm.028118
https://doi.org/10.1146/annurev-immunol-101819-082015
https://doi.org/10.7554/eLife.53247
https://doi.org/10.1016/j.cmet.2012.04.023
https://doi.org/10.1016/j.cmet.2012.04.023
https://doi.org/10.15252/embr.202152964
https://doi.org/10.15252/embr.202152964
https://doi.org/10.1038/nature13818
https://doi.org/10.1038/nature13818
https://doi.org/10.1016/j.coi.2011.10.004
https://doi.org/10.1016/S0960-9822(03)00175-1
https://doi.org/10.1371/journal.pone.0102568
https://doi.org/10.1371/journal.pone.0102568
https://doi.org/10.1038/sj.onc.1208156
https://doi.org/10.1038/sj.onc.1208156
https://doi.org/10.1016/j.ydbio.2007.08.011
https://doi.org/10.1371/journal.pone.0006429

Vesala et al. BMC Biology (2024) 22:60 Page 23 of 23

82. ChenY, Lun ATL, Smyth GK. From reads to genes to pathways: differential
expression analysis of RNA-Seq experiments using Rsubread and the
edgeR quasi-likelihood pipeline. F1000Res. 2016;5:1438. https://doi.org/
10.12688/f1000research.8987.2.

83. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers dif-
ferential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43:e47-e47. https://doi.org/10.1093/nar/gkv007.

84. Tennessen JM, Barry WE, Cox J, Thummel CS. Methods for studying
metabolism in Drosophila. Methods. 2014,68:105-15. https://doi.org/10.
1016/j.ymeth.2014.02.034.

85. Bates D, Mdchler M, Bolker B, Walker S. Fitting linear mixed-effects models
using Ime4. J Stat Softw. 2015;67. https://doi.org/10.18637/jss.v067.i01.

86. HothornT, Bretz F, Westfall P. Simultaneous inference in general paramet-
ric models. Biom J. 2008;50:346-63. https://doi.org/10.1002/bimj.20081
0425.

87. Venables WN, Ripley BD. Modern applied statistics with S. 4th ed. New
York: Springer; 2002.

88. Lenth RV.emmeans: Estimated Marginal Means, aka Least-Squares
Means. R package version 1.7.3. https://CRAN.R-project.org/package=
emmeans. 2022.

89. Sjoberg DD, Baillie M, Haesendonckx S, Treis T. ggsurvfit: Flexible Time-to-
Event Figures. https://github.com/ddsjoberg/ggsurvfit, http://www.danie
Idsjoberg.com/ggsurvfit/. 2023.

90. Kassambara A, Kosinski M, Biecek P. survminer: Drawing Survival Curves
using "ggplot2” R package version 0.4.8. https://CRAN.R-project.org/
package=survminer. 2020.

91. Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res.
2002;30:207-10. https://doi.org/10.1093/nar/30.1.207.

92. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets—update. Nucleic
Acids Res. 2013;41:0991-995. https://doi.org/10.1093/nar/gks1193.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.12688/f1000research.8987.2
https://doi.org/10.12688/f1000research.8987.2
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.ymeth.2014.02.034
https://doi.org/10.1016/j.ymeth.2014.02.034
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.1002/bimj.200810425
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://github.com/ddsjoberg/ggsurvfit
http://www.danieldsjoberg.com/ggsurvfit/
http://www.danieldsjoberg.com/ggsurvfit/
https://CRAN.R-project.org/package=survminer
https://CRAN.R-project.org/package=survminer
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1093/nar/gks1193

	Mitochondrial perturbation in immune cells enhances cell-mediated innate immunity in Drosophila
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	OXPHOS perturbation ubiquitously and in the fat body, but not in hemocytes, reduces the viability of the flies
	Knockdown of OXPHOS genes in hemocytes decreases the mitochondrial membrane potential and induces the formation of melanotic nodules
	OXPHOS perturbation in hemocytes enhances the cell-mediated encapsulation response against parasitoid wasps
	OXPHOS perturbation in hemocytes results in immune cell activation
	Decrease in the mitochondrial membrane potential is not a universal indicator of immune cell activation
	UQCR-C1 (cIII) knockdown hemocyte transcriptomes cluster according to time point and infection status
	UQCR-C1 knockdown causes upregulation of lamellocyte-enriched marker genes at both timepoints
	UQCR-C1 knockdown leads to gene expression changes characteristic of the mitochondrial unfolded protein response
	OXPHOS perturbation-induced hemocyte activation is not dependent on ROS
	Glycolysis-related genes sima and Ldh are upregulated in the OXPHOS knockdown hemocytes, but do not affect OXPHOS-induced hemocyte activation

	Discussion
	Conclusions
	Methods
	Targeted gene silencing
	Fluorescent hemocyte reporter strains and overexpression lines
	Fly maintenance
	Viability assay
	Hemocyte RNA isolation
	Mitochondrial membrane potential
	RT-qPCR
	Lifespan assay
	Melanotic nodules
	Parasitoid wasp assay
	Fluorescent hemocyte reporter analysis
	RNA sequencing
	RNA sequencing data analysis
	ROS detection
	NADH quantification
	Glycogen and trehalose measurements
	Statistical analyses

	Acknowledgements
	References


