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Abstract

The innate immune response tends to become hyperactive and pro-inflammatory in older
organisms. We investigated connections between activity of the immune-related genes and aging
using the Drosophila model. A hallmark of Drosophilaimmunity is the production of
antimicrobial peptides (AMP), whose expression is triggered via activation of the Toll and Imd
immune pathways and regulated by NF-xB-like transcription factors, Dif/Dorsal and Relish. It was
previously shown that overexpression of the upstream component of the immune pathways
shortens life span via activation of the Relish-dependent immune response. Here we show that
direct overexpression of the Relish target AMP genes broadly at high levels or in the fat body
induced apoptosis, elicited depolarization of the mitochondria and significantly shortened life
span. Under-expression of Relish in the fat body beginning in the second half of life span
prevented over-activation of AMPs and extended longevity. Unlike infection-induced responses,
the age-related increase in AMPs does not require the upstream recognition/transduction module
of the Imd pathway. It does however require downstream elements, including Relish and Ird5, a
component of the downstream IKK complex. Together, these results established causal links
between high-level production of antimicrobial peptides and longevity.
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INTRODUCTION

It is well established that there is an age-associated decline in the capacity to withstand
microbial and toxic challenges due to malfunctioning of both immune branches, innate and
adaptive. While the efficiency of the adaptive immune response diminishes in older
organisms, the innate immune response tends to become hyperactive and pro-inflammatory
(Franceschi et al., 2000; Hajishengallis, 2010; Kovacs et al., 2009; Ye et al., 2009). Such
chronic activation of the immune response inflicts collateral damage to the host tissues and

can contribute to the development of premature aging and age-related diseases (Hearps et al.,

2012; Le Saux et al., 2012; Libert et al., 2006; Michaud et al., 2013). On the other hand,
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various models of extended longevity exhibit optimal functioning of innate immunity,
attenuation of pro-inflammatory response and decrease in pathogen burden (Candore et al.,
2006).

Although the association between an overactive immune system and physiological deficits is
well established, the mechanisms that underlie this inter-relationship remain ill-defined. To
facilitate the exploration of such mechanisms, we have adopted the Drosophila model, which
possesses an innate immune system remarkably similar to that found in mammals.

A hallmark of Drosgphilaimmunity is the expression of antimicrobial peptides (AMP), a
heterogeneous group of small positively charged proteins that possess antimicrobial
properties against a variety of bacteria and fungi. AMP expression is controlled by two
signaling cascades, Toll and immune deficiency (Imd), that are induced in response to
infection and act through the NF-xB-like transcription factors, Dif/Dorsal and Relish
(Ganesan et al., 2011; Hoffmann, 2003). AMP levels are elevated in old flies, although it is
unknown if the increased AMP production contributes to the aging process, or is simply a
consequence of it. Initially, this elevation was attributed to the inability of older organisms to
effectively clear infection, thus resulting in persistence of the elicitor, chronic activation of
the immune response, and shortened longevity (reviewed in (lliadi et al., 2012)). However,
later studies found little correlation between the microbial load and activation of AMPs in
older flies (Ramsden et al., 2008; Ren et al., 2007; Zerofsky et al., 2005), and only a small
reduction in AMP levels was observed in flies maintained under axenic conditions or fed
antibiotics (Ren et al., 2007), suggesting a potential role for abiotic factors in the age-related
activation of humoral immunity. Subsequent studies revealed that stimulation of AMP
production by ectopic overexpression of upstream components of the immune pathways,
such as peptidoglycan recognition proteins (PGRP) (Libert et al., 2006) or suppressing
negative regulators, such as anri, zfhl or trbdand tg (Cao et al., 2013; Kounatidis et al.,
2017; Myllymaki and Ramet, 2013), is sufficient to cause adverse effects on fly physiology
and even shorten life span. However, it is not clear whether this shortening of life span is a
direct effect of AMP toxicity or rather the result of aberrant immune signaling. To address
this question, we set out to determine whether the overexpression of individual AMPs was
sufficient to confer deficits in longevity and cell viability.

MATERIAL AND METHODS

Fly strains and procedures

The global high-level driver Da-GAL4 was supplied by Dr. Blanka Rogina (University of
Connecticut Health Science Center). The inducible S106-GeneSwitch-Gal4 (S106) driver
(stock # 8151) that targets responder gene expression predominantly to the fat body, the null
mutant of transcription factor Relish, re/ff20 (stock # 9457), and /ra5 (stock # 19825) mutants
are those described in our previous publication (Radyuk et al., 2010); the /mdP element
mutant (stock # 17474) and the transgenic line carrying UAS-Rel. His6 transgene (stock
#9459) were obtained from the Bloomington Drosophila Stock Center. Two fly lines that
carry UAS-RNAI constructs targeting Relish were obtained from the Vienna Drosophila
Resource Center (stocks # 49413 and 49414). Transgenic lines UAS-Attacin A, UAS-
Defensin, UAS-Metchnikowin, UAS-Cecropin Al, UAS-Drosomycin and UAS-Drosocin,
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described in (Tzou et al., 2002) were a kind gift from David Wassarman (University of
Wisconsin-Madison). All fly lines were backcrossed at least 8 times into a ) wreference
strain.

Gene over- or under-expression was achieved by combining the Da-GAL4 driver with UAS
or UAS-RNAI responder lines. Activation of GeneSwitch in the responder lines crossed to
the S106 driver was elicited by feeding flies food supplemented with 15 ug/ml mifepristone
(RU486), while genetically identical flies fed food containing ethanol, the mifepristone
solvent, served as control. Fly husbandry and life span experiments were conducted as
described (Radyuk et al., 2013). Briefly, flies were collected within 1-2 day intervals and
transferred to fresh food at least three times per week. Older flies were transferred to fresh
food every day once they entered the rapid death phase (typically 10% mortality). All
experiments were conducted with male and female flies that were collected and separated 24
hours after hatching; thus female flies were once mated.

Quantitative RT-PCR

Real-time gRT-PCR analysis was performed as described (Radyuk et al., 2010). Primers
specific for 749 and AMP genes are listed in (Radyuk et al., 2010). Primers for Relish are
5 CGGCGTTGCTAATGTCACCAGTTT (forward) and 5’
GAAGCGGACGCCCAAAACCT (reverse). Primers for Hsc70-3/BiP are
ACCAGATCGGTGACAAGGAC (forward) and ATGGCCTCCAGATCCTTCTT (reverse).
In all experiments, signals obtained for each gene were normalized against signals obtained
with primers for a housekeeping gene rp49.

Immunoblot analysis

Immunoblot analyses were performed as described previously (Michalak et al., 2008). To
control for loading, anti-actin antibodies (MP Biomedicals, Santa Ana, CA) were used.

TUNEL analysis

Assessment of tissue-specific DNA fragmentation was made in cryosections prepared from
whole flies using the In Situ Cell Death Detection Kit, TMR red (Roche), following the
manufacturer’s recommendations, as detailed previously (Klichko et al., 2016). Images were
acquired by fluorescence microscopy (Zeiss, Germany), using AxioVisionLE4 3 software.

JC-1 staining

Analysis of mitochondrial membrane potential using JC-1 dye was performed essentially as
described (Kim et al., 2007; Macchi et al., 2013) with slight modifications. Briefly, muscles,
fat bodies and midguts of 25 day old male flies were dissected in Grace’s insect medium
(Sigma, USA). Dissected tissues were incubated in 5 mM JC-1 (BioVision, San Francisco,
CA) solution for 1 hour at room temperature followed by mounting in Grace’s medium and
imaging using fluorescence microscopy (Zeiss, Germany) and AxioVisionLE4_3 software.
Green (Aem =527 nm) and red (Aem = 590 nm) fluorescence filters were used for
microscopy.
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All statistics were calculated using Excel and Prism for Macintosh version 6.0b software
(GraphPad Software, Inc.). Differences in mRNA levels were compared between groups by
analysis of variance. In studies of life span, the mean survivorship time and differences
between survivorship curves were assessed using the log-rank test.

Expression of AMPs and Relish is increased during aging

Chronic activation of AMPs has been observed in older flies from different backgrounds
(Girardot et al., 2006; Landis et al., 2004; Zhan et al., 2007). We examined mRNA levels of
several AMPs in our reference y wstrain by gRT-PCR and found a similar trend in the
activation of AMPs. The increases ranged from 1.5 to 25 fold between young (10 da),
middle age (30 da) and old (50 da) flies for all AMPs examined (Fig. S1). A similar trend
was observed for Relish, whose mMRNA levels were increased by ~4 fold in old (70 da)
compared to young (10 da) flies (Fig. 1A), which was in agreement with Drosophila
transcriptome data (Girardot et al., 2006; Zhan et al., 2007).

Overexpression of Relish increased the level of AMPs and shortened life span

In Drosophila, production of AMPs in response to infection is mainly regulated by two
major immune pathways, Toll and Imd, and strongly depends on activation of the NF-xB
transcription factors, Dif/Dorsal and Relish (Kleino and Silverman, 2014). Given the
increase in Relish mRNA levels during aging, we determined the effects of Relish
overexpression on immunity and aging, using transgenic flies in which the Relish (UAS-Rel-
His) responder gene is induced by the global Da driver, permitting an ~ 18 fold increase in
Relish transcript levels in both young (10 da) and old (30 da) flies (Fig. 1B). Consistent with
this inference, the levels of AMPs were increased by several-fold in young flies and became
comparable to those found in old control flies (Fig. 1C). Furthermore, accompanying the
increase in AMP levels globally and in fat body in Relish overexpressors was a dramatic life
span shortening effect (Fig. 2A-D, Table 1A&B).

Underexpression of Relish prevented up-regulation of AMPs in old flies, and extended life

span

Relish mutants are viable but fail to mount an immune response to infection (Hedengren et
al., 1999; Radyuk et al., 2010). We investigated whether Relish is also required for age-
dependent up-regulation of AMPs by determining the AMP mRNA levels in flies lacking
Relish activity (re/f29) relative to controls. The levels of AMPs were measured in young (10
da) and old (45 da) flies. While most AMPs were elevated in older control flies, this effect
was severely diminished in the re/f29 mutant (Fig. 3A), indicating that Relish activity is a
common factor required for both response to infection and senescence. Since the absence of
Relish lead to reduced induction of antimicrobial peptides in old flies, we hypothesized that
the loss of Relish would extend longevity. Yet, life span was not extended in females and
only a marginal increase in mean life span was observed in the male re/f2 mutants (Fig.
3C&D, Table. 2A), suggesting that in addition to AMPs, other factors and processes,
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regulated by Relish, might significantly contribute to longevity. According to transcriptome
data reported in FlyBase, Relish is widely expressed in various Drosophila tissues, including
tissues associated with immunity, such as the gut and the fat body. Since the fat body is a
major site of Drosophilaimmunity-related gene (DIRG) production (De Gregorio et al.,
2001), we tested whether conditional reduction of Relish activity in this tissue would have
effects on longevity.

Recently, it was found that heterochromatin loss in the fat body of old flies resulted in
derepression of immunity-related genes, including PGRPs that can act as both antimicrobial
effectors and negative regulators of the Imd pathway via its amidase activity (Chen et al.,
2014). This fat body-mediated systemic pro-inflammatory response shuts down AMP
production in the midgut tissue leading to an increase in microbial proliferation and gut
hyperplasia, which may ultimately affect aging (Chen et al., 2014). We therefore reasoned
that reduction in immune signaling in the fat body might reduce systemic inflammation and
be beneficial for longevity. Downregulation of Relish was initiated in late middle age flies
(37 days old) at the onset of accelerated mortality, using the inducible fat body-specific
GeneSwitch driver S106 in conjunction with UAS-Relish-RNAI transgenes. Fat body-
specific downregulation of Relish up to three-fold (Fig. 3B) resulted in a significant
extension of life span, up to 18% in males and 19% in females (Fig. 3E&F, Table 2B). At the
same time, downregulation of Relish by two-three fold using the non-regulatable global Da
driver did not affect the lifespan of males or females (Fig. S2), suggesting the critical nature
of temporal and tissue-specific expression patterns in regulating age-associated immune
response.

Overexpression of individual AMPs caused significant shortening of life span

Analysis of gene expression in different body parts of Drosophilaby RNAseq revealed that
the age-specific increase in DIRG occurs in several tissues, including gut, muscle and
adipose tissue (Girardot et al., 2006; Zhan et al., 2007). To investigate potential causal links
between high-level expression of AMPs and longevity, we overexpressed individual AMP
genes in a global or tissue-specific manner and determined their effects on fly survivorship.
Previously, it has been determined that overexpression of AMPs from the transgenic UAS
constructs with the Da-GALA4 results in several-fold increase in AMP levels (Tzou et al.,
2002). We authenticated these transgenic lines and found that broad over-expression of six
distinct UAS-AMP gene targets achieved by the Da-GAL4 driver results in a 4-10 fold
increase relative to controls (Fig. 4A). Experimental groups overexpressing four of these
AMPs (AttA, Def, Mtk and CecAl) exhibited significant decreases in life span in both sexes
(Fig. 4 B-H, Table 3) (p< 0.05, based on log rank tests) while overexpression of Drs and Dro
had no significant impact on longevity (Fig. S3).

Since AMPs are primarily produced in the fat body (although expression has also been
detected in hemocytes and epithelial cells of the respiratory, digestive and renal organs
(Jasper, 2015; Lemaitre and Hoffmann, 2007; Lemaitre and Miguel-Aliaga, 2013; Verma
and Tapadia, 2012) we next expressed individual AMPs in the fat body using the regulatable
GeneSwitch S106 driver. Expression was achieved by feeding flies food supplemented with
mifepristone at the concentration of 15 ug/ml, which produced a nearly twofold increase in
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AMP mRNAs (Fig. 5A) and was not toxic to flies, as was determined in experiments with
the driver control S106/+ (Fig. S4). Life span was significantly shortened by the fat body-
specific overexpression of AttA or Mtk in both male and female flies (Fig. 5B-E), while
overexpression of cecropin Al reduced the life span significantly in male but not females
(Table 4).

Overexpression of AMPs resulted in cytotoxicity

By and large, AMPs act via cell membrane disruption to neutralize microbial targets but
have also been reported to cause collateral damage to host cells, particularly under
conditions of chronic AMP production (Okumura et al., 2004) leading to enhanced cell
death. Consequently we investigated whether global or fat body-specific overexpression of
AMPs accelerates cell death in Drosophila tissues.

In wild type flies, increases in apoptosis have been observed in old animals, particularly in
the digestive system, thoracic muscles and adipose tissue (Zhan et al., 2007). We measured
apoptosis /n situ in flies of different ages by the TUNEL assay. While levels of apoptosis
were similar in both 50 da old experimental and control flies (data not shown), there were
clear differences observed in younger (~25 da) flies. The pro-apoptotic changes were
particularly evident in the fat body in flies ubiquitously expressing CecAl, AttA, Def and
Mtk, relative to controls, and these changes were comparable to those normally observed in
old flies, although no other age-specific signatures, such as increase in the incidence of
apoptosis in the intestinal epithelia, were observed in AMP overexpressors (Fig. 6, Da>AttA
and data not shown).

In flies overexpressing AMPs in the fat body tissue, we also observed significant differences
in levels of apoptosis between controls and experimentals at 25 da (Fig. 6). It is noteworthy
that overexpression of AttA, which had pronounced effects on longevity (Figs. 4&5), also
caused obvious pro-apoptotic changes not only in the fat body but in thoracic muscles while
such effects were not detected in flies overexpressing Drs, which had a normal life span
(Fig. 6 and Table 4). Taken together, these results support the idea that elevated expression
of multiple AMPs is sufficient to cause cytotoxicity to normal cells.

AMPs may target mitochondria

To further uncover the mechanisms of AMPs cytotoxicity, we investigated the role of
endoplasmic reticulum (ER) in mediating the pro-apoptotic responses and life span-
shortening effects observed in flies overexpressing AMPs. In eukaryatic cells, most secreted
and transmembrane proteins fold and mature in the endoplasmic reticulum (Needham and
Brodsky, 2013). We hypothesized that overexpression of AMPs at high levels and their
potential misfolding might cause ER stress and elicit the unfolded protein response (UPR),
ultimately leading to apoptosis. To verify this hypothesis we compared the mRNA level of
Bip (Hsc70-3) a well-known ER chaperone and a major regulator of UPR, whose levels are
increased under ER stress conditions (Schroder and Kaufman, 2005), in AMP and Relish
overexpressors, re/~29 mutant and control flies. No significant difference was observed
between re/ mutant, AMP and Relish overexpressors and control (Fig. S5), indicating that
the apoptotic effects of AMPs are not mediated via the ER pathways.
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We next investigated whether the ubiquitous expression of AMPs may have effects on the
mitochondrial membrane. It is known that the selectivity of AMPs lies in their ability to
distinguish between prokaryotic and eukaryotic membranes, which differ in membrane
composition, hydrophobicity, and charge (Yeaman and Yount, 2003). Given the structural
similarity of mitochondrial membranes with bacterial membranes (Karlin et al., 1999),
mitochondria may serve as a preferential target for AMPs leading to the activation of cell
death pathways. Indeed AMPs have previously been shown to impair mitochondrial function
and alter mitochondrial membrane potential, as well as enhance ROS generation (Ceron et
al., 2010; Cho et al., 2012; Hwang et al., 2011; Risso et al., 2002). Analysis of the
mitochondrial membrane potential (A'Y'm) in whole-mount preparations of fly tissues using
the JC-1 dye showed a significant reduction of JC-1 aggregates in the thoracic muscle and
the fat body of AMP overexpressors compared to controls, indicating depolarization of the
mitochondria in the overexpressors (Fig. 7). However, consistent with patterns of apoptosis,
no difference was observed in the whole-mount preparations of the intestinal tissue (data not
shown).

The age-dependent increase in AMPs levels is triggered downstream of Imd but requires
Ird5, a component of the IKK complex

In response to infection, the induction of AMPs is initiated after interactions between
microbial peptidoglycans (PGN) and members of the peptidoglycan recognition protein
family (PGRPs) (Silverman et al., 2000). There are two PGRPs, membrane-bound PGRP-
LC and secreted/cytosolic PGRP-LE, that pass the signal via the immune deficiency (Imd)
gene product (Neyen et al., 2012), which is in turn cleaved by Dredd caspase, thereby
initiating the Imd/Relish immune pathway (Leulier et al., 2000). The signal is then
transmitted through the Tak1 kinase to the IKK complex, composed of the kenny and ird5
genes (Kleino and Silverman, 2014), ultimately leading to activation of the transcription
factor Relish and expression of AMPs to combat infection (Kleino and Silverman, 2014).

We investigated whether the age-related activation of the AMP genes follows the same
trajectory as that observed during bacterial infection and found that AMP induction in old
flies does not require the upstream Imd recognition module but does requires the activity of
Ird5, a component of the IKK complex. Extending previous studies, which showed that the
activation of AMPs, triggered primarily by the Imd/Relish module, is significantly reduced
in ird5mutant flies when challenged with bacteria (Radyuk et al., 2010), we now show that
the up-regulation of AMPs associated with aging is similarly reduced in the jrd5 mutant
(Fig. 8B). We also investigated the immune response in an /md mutant strain, which exhibits
a reduction in mRNA levels of approximately 80% as well as a reduction in the activation of
the immune response to Gram-negative bacteria (Taylor and Kimbrell, 2007). This lack of
AMP activation in response to infection was observed here in the /md mutant flies as well
(Fig. 8A). In contrast, the AMP activation associated with aging (45 vs 10 da) was
unaffected in the /md mutant flies (Fig. 8B). Indeed, the levels of several AMPs including
attacins (AttA, AttC and AttD), Def, Dipt, Dro, Drs, Mtk and Cec A1, normally low in
young (10 da) control or mutant flies, displayed a significant induction in the 45 da old /imd
mutant and were comparable to those in control flies (Fig. 8B). These results suggest that
unlike during infection, Imd may not play a role in activation of the immunity-related genes
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during aging. Instead, the signal in response to aging would appear to originate downstream
of the microbial recognition site but does converge with the infection-elicited pathway
upstream of the IKK/Relish module (Figs. 3 and 8). Together, the data demonstrate that
responses to aging and infection share the downstream IKK/Relish module but differ in
utilization of Imd activity.

4. DISCUSSION

The first key finding of this study is that overexpression of single AMP species, either
broadly or targeted to fat body was sufficient to confer a deleterious longevity effect. Thus,
broad and elevated expression of 4 distinct AMPs (AttA, CecAl, Def, and MtK) resulted in
reductions in longevity ranging from 8-40% in both males and females. Two of the AMPs
that were overexpressed to equivalent levels (Dro and Drs) did not have longevity effects
suggesting that these effects cannot be ascribed simply to an energy trade-off scenario.
Conversely, if the energy investment would be a sole determining factor, we would expect
longevity-extension effects in immunity defective mutants. However, we observed only
minor if any positive effects on aging in relish (Fig. 3) or imd mutants (data not shown).
Thus, we conclude that the life span shortening effects of hyperactive immunity in flies with
enhanced Relish (Fig. 2) or AMPs activity (Figs. 4 and 5) are not due to wasting energy, and
that it is solely the cost of AMP production that determines longevity. It is plausible that the
reduced life span is due to the confounding effects of non-physiological expression patterns,
since the driver used in this case (daughterless — Da-Gal4) confers high-level expression in
both developmental and adult stages in multiple tissues. Alternatively, over-expression of
AMPs in other known sites of Drosophilaimmune-regulated gene production, such as
hemocytes, intestinal epithelia and malpighian tubules (Bulet et al., 1999; Girardot et al.,
2006; Verma and Tapadia, 2012; Zhan et al., 2007) may also be responsible for the adverse
effects on flies physiology. Consequently, we also used GeneSwitch to target single AMP
expression to adult flies in the fat body, a major site of AMP synthesis. While the longevity
effects observed were not as strong, we nevertheless noted a significant reduction in life span
in flies overexpressing two of the six AMPs (AttA and Mtk, Fig. 5). It would appear then
that increased levels of a subset of AMPs specifically in the fat body are sufficient to confer
longevity reduction. Still, the effects were not as strong as those observed with the high-level
global driver, suggesting an important role of other tissues in the longevity effects. This was
supported by the data where particularly detrimental effects on longevity were observed
when AMPs were overexpressed in neuronal tissues or glia (Cao et al., 2013; Kounatidis et
al., 2017).

Although it is known that immunity factors are strong inducers of cell death (reviewed in
(Bangi, 2013), the exact mechanisms are not defined. It is notable that in our experiments
AMP overexpression was paralleled by increased cell death, particularly in the fat body and
muscle tissues (Fig. 6), supporting the inference that the differential longevity effects are at
least in part dictated by cytotoxic effects of the AMPs. While AMPs are particularly harmful
to prokaryotic targets (Song et al., 2005; Yeaman and Yount, 2003), recent evidence suggests
that high AMP titers may also be harmful to eukaryotic cells (Okumura et al., 2004;
Paredes-Gamero et al., 2012; Shi et al., 2010). Consistent with this, targeted overexpresssion
of AMPs to Drosophila neuronal tissue or decrease in the expression of negative IMD
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regulators, which causes a significant increase in AMP levels, was found to result in
neurodegeneration (Cao et al., 2013). It is plausible then that at least some AMPs may target
and damage Drosophila cells and contribute to age-related tissue deficits.

It is difficult at this stage to project correlations between the differential cytotoxic effects of
AMPs and their characteristics. As has been shown in the experiments with mammalian
cells, AMP structure, activity and concentration are determining factors in AMP-induced
cell death (Paredes-Gamero et al., 2012). It is also possible that different AMPs may be
targeted to different extracellular and intracellular structures to activate cell death pathways,
or apoptotic effects may be AMP concentration-dependent. We analyzed structural
characteristics of several AMPs (Fig. S7) but were unable to correlate them with the
observed effects on Drosophila physiology. However, it is plausible that the observed
differential effects of AMPs on physiology of flies relate to potential changes in microflora,
caused by selectivity of the AMP antimicrobial activity. As reported by Guo et al. (Guo et
al., 2014), AMPs influence the microbiota and host-microbe symbiosis, which is important
for sustaining host health. Flies given antibiotics continuously beginning just after eclosion
displayed a reduced life span (Brummel et al., 2004) but if antibiotic administration was
delayed until the latter half of their life span, a beneficial longevity effect was observed.
However, other reports regarding the impact of a germ-reduced environment on life span are
conflicting in respect of beneficial or harmful effects of microflora (Clark et al., 2015),
suggesting the involvement of multiple factors that impact life span via immune function.
Thus, chronic depletion of the microbiota throughout life may have a negative impact on
health span/life span, while reduction of the bacterial load in latter life may help dampen
AMP levels and have a positive impact. Our findings are consistent with these observations
in that boosting AMP levels throughout the fly life span has a negative longevity effect
presumably by disruption of commensal microbiota in young flies, while the reduction of
AMP levels beginning at middle age by knocking down Relish levels has a beneficial effect
on longevity perhaps by minimizing the negative effects of the chronic hyperexpression of
AMPs and other immunity factors associated with age (Fig. 3 E, F) and (Chen et al., 2014).

The differential effects of AMPs can also be explained by their protein stability (Wei et al.,
2009). AMPs are normally released into the hemolymph and circulate for 2-3 weeks after
infection, as was determined by mass-spectroscopy or using reporter constructs (Bosco-
Drayon et al., 2012; Chakrabarti et al., 2012; Uttenweiler-Joseph et al., 1998; Verleyen et al.,
2006). It is plausible then that the longer persistence of attacin or metchnikowin may
account for the more severe effects on life span, although this issue is still speculative and
can be clarified after development of AMP-specific antibodies.

The second major finding is that direct manipulation of the NF-xB-like factor Relish, either
through under- or overexpression, confirms its critical role in mediating the up-regulation of
antimicrobial peptides (AMPs) that accompanies aging and further underscores its potential
role in modulating longevity.

Under normal conditions there is an increase in both Relish and AMP mRNA levels (Fig. 1)
as a function of age and this late stage overexpression of AMPs is abrogated in a relish
mutant background (re/£29) (Fig. 3A). The absence of AMP overexpression in the re/f20
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mutant or in Da<RNA.-re/flies with global, life-long underexpression of Relish did not have
a beneficial impact on longevity. This was in disagreement with the findings where the
extension of Drosophila life span was achieved by chemical inhibition of NF-xB activity
(Moskalev and Shaposhnikov, 2011), a result which could be explained by other NF-xB-
irrelevant effects or the pharmacokinetics of the chemical in contrast to the specific
suppression of Relish activity afforded by genetic approaches.

In contrast to global underexpression, RNAi mediated knockdown of Relish in the fat body
of relatively old adult flies (37da) had a significant beneficial effect in both males and
females (Fig. 3 E&F). Thus a more targeted knockdown of Relish in one of the primary
sources of AMP synthesis and in a time-specific manner may help bypass the confounding
effects due to the multiple functions of the Relish NF-xB factor, such as pro-apoptotic
signaling (Chinchore et al., 2012), or the differential effects of Relish-dependent signaling in
gut and fat body tissues (Chen et al., 2014). While the decrease in Relish activity in the fat
body is beneficial for fly physiology, its underexpression in other tissues, such as the gut,
may produce negative effects, for instance, by influencing the composition and total load of
intestinal microflora (Broderick et al., 2014). As a result, the net effect on longevity in the
relmutant is neutral. Consequently, targeting gene expression in the fat body constitutes a
particularly effective approach for modulating longevity in fruit flies.

Moreover, upon broad over-expression of Relish in transgenic flies, AMP levels are notably
increased in young flies, indeed approaching levels similar to those observed in old control
flies (Fig. 1C). It is tempting to ascribe the large reduction in life span observed in these flies
to the elevated AMP levels that are released as a result of overactive immune signaling.
These results are consistent with a previous study conducted by Libert e al. who showed
that overexpression of the pathogen recognition factor that functions upstream of the
Drosophila Imd immune pathway elicited activation of AMP levels and had a significant life
span shortening effect. Furthermore this effect was shown to be Relish-dependent (Libert et
al., 2006). While these findings support a direct role for AMPs in mediating longevity
effects, it still remains plausible that other Relish-dependent pathways are more directly
involved.

Another important finding of the study is that the cytotoxic effects of AMPs, at least in part,
are mediated via mitochondria, although the effects on other subcellular compartments and
cell membranes cannot be excluded. A central role of mitochondria in cell death pathways is
well established in both mammals and Drosophila (reviewed in (Clavier et al., 2016)).
Mitochondrial dysfunction is linked to mitochondrial membrane depolarization, which is
detectable with JC-1, a mitochondrial membrane potential sensitive dye, and apoptosis (Kim
et al., 2007). Mitochondria were observed to be more depolarized in the AttA overexpressor,
indicating that attacin could target mitochondria and thereby induce the apoptosis seen in fly
muscle and fat body (Fig. 7), although the involvement of specific factors in the induction of
apoptosis has yet to be determined. Still, strong links between changes in mitochondrial
membrane potential and Drosophila aging have been reported (Qi et al., 2016; Tsai et al.,
2016) and support our notion that AMPs may impact aging by causing changes in the
mitochondrial membranes that lead to apoptosis. It is further supported by the finding that
the increased apoptosis in fat body and muscles correlates with changes in mitochondrial
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membrane potential in the same tissues (Figs. 6&7). It is yet to be determined why AMP
overexpression in the fat body causes apoptosis in thoracic muscle cells. One possibility is
that the flies overexpressing AMPs in the fat body are physiologically older and the
observed apoptotic patterns represent canonical age-related changes (Zhan et al., 2007).
Another possibility is that the observed mitochondria-related apoptosis is a secondary effect
of AMP interactions with host cells; further investigation to clarify this issue is warranted.

Finally, our data suggest a significant contribution of abiotic factors, or “sterile
inflammation” (Shaukat et al., 2015) in triggering activation of immune signaling during
aging. We found that the elevated production of antimicrobial peptides in old animals, and
infection-induced immune responses are initiated via different pathways but share common
regulation at the IKK/Relish module of the immune pathway. The immune deficiency gene
product (Imd) forms part of the upstream microbe recognition/transduction initiating module
of the Imd pathway. While its absence abolishes AMP activation in response to bacterial
infection, it has no effect on the activation of the AMPs in older flies (Fig. 8). In contrast, in
the mutants that represent downstream components of the Imd pathway (/rd5 and rel) neither
age nor bacterial activation of AMPs was observed (Fig. 3A, Fig. 8 and (Radyuk et al.,
2010)), indicating that the IKK/Relish axis of the immune pathway is common to both.
Thus, two important findings can be underscored. First, the NF-xB-mediated signaling and
activity of Relish is a critical factor in age-related hyperactive immunity. Still unknown non-
canonical but Relish-dependent pathway(s) play a key role in pathological processes
connected to upregulation of immunity related genes, as was established in short-lived
genetic models of neurodegenerative diseases (Chinchore et al.; Chinchore et al., 2012;
Petersen et al., 2013). Secondly, in contrast to the study by Libert et a/,, where artificial
activation of immunity and adverse effects on longevity were established by ectopic
expression of microbial components-recognition protein, PGRP-LE (Libert et al., 2006),
Relish-dependent activation of immunity during aging does not require the upstream
microbe recognition/transduction-initiating module but is likely triggered in response to
endogenous changes, perhaps in mitochondria. Indeed, we have recently obtained evidence
that mitochondria-originated redox-sensitive signaling is likely to be responsible for the age-
related activation of immunity (Odnokoz et al., 2016). On the other hand, mitochondria-
originated ROS could be responsible for redox-sensitive modifications of components of the
kinases/Relish module, although such modifications are yet to be documented in Drosophila.
It is tempting then to speculate that abiotic stress acts through mitochondrial signaling to
activate NF-xB signaling giving rise to high-level production of AMPs, which contribute to
mitochondrial dysfunction and reduced longevity. Together, the obtained data are
summarized in the scheme (Fig. 9).

Conclusions

Overall the results provide evidence that:

. Overexpression of AMPs induced tissue-specific cytotoxicity and shortened life
span
. Overexpression of AMPs elicited depolarization of mitochondria
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. Aging and infection initiate the activation of AMP expression via distinct
pathways

. Underexpression of IKK/Relish prevented age-dependent activation of AMPs

. Fat body-specific underexpression of Relish in latter life extended longevity
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FIGURE 1. Analysis of expression of Relish during aging and its effects on immune response
A: mRNA levels of Relish were examined in y wflies by gRT-PCR analysis. The ratios of

signals obtained with Relish primers to signals obtained with rp49 primers are shown on the
Y axis, normalized to a value of 1.0 at 10 d. Results are means + SD (n=6). Statistically
significant differences were observed between 10 da-old flies and flies > 40 da-old (*P <
0.05), as indicated by asterisks. B: Relish mRNA levels were determined by gRT-PCR in 10
da and 30 da-old Relish over-expressing flies and controls. Da/+ — Da-GAL4 driver
control; Da>Rel—flies overexpressing His-tagged Relish using the Da-GALA4 driver.
Analysis was conducted in triplicate for each biological replicate. Shown are means = SEM
(n = 6). Asterisks denote statistically significant differences (*P < 0.05). C: gRT-PCR
analysis of AMP expression in young (10 da) and old (30 da) flies overexpressing Relish.
Da/+ — Da-GAL4 driver control; Da>Rel—flies overexpressing Relish-His using the Da-
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GALA4 driver. AttA—attacin A; AttC—attacin C; AttD—attacin D; CecAl—cecropin Al;
Def—defensin, Dipt—diptericin, Dro—drosocin, Drs—drosomycin, and Mtk—
metchnikowin. Analysis was conducted in triplicate for each biological replicate. Shown are
means + SEM (n = 6). Asterisks denote statistically significant differences (*P < 0.05). P
values for individual AMPs, as well as statistical differences between the age and genotype
groups, obtained by multiple t tests with Tukey’s multiple comparisons are presented in
Suppl. Table 1. All analyses were performed with male flies.
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FIGURE 2. Effects of overexpression of Relish on fly life spans
A-B: Da/+ and +/Rel —driver and transgene controls; Da>Rel—experimental flies

overexpressing Relish-His with the Da-GALA4 driver. Shown are representative data of two
replicate experiments, summarized in Table 1A. Each survival curve represents ~100 flies.
Statistically significant differences were observed between Da>Rel and driver and transgene
controls (P < 0.05) in both sexes, as determined by the log-rank test. C-D: effects of the fat
body-specific overexpression of Relish on life span. Food containing mifepristone (+RU486)
was introduced when flies were 2 days old. Data are representative of 2 replicate
experiments summarized in Table 1B. Statistically significant differences were observed
between controls (S106/Rel) and experimentals (S106>Rel RU486+) (P < 0.05) in both
sexes, as determined by the log-rank test.
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FIGURE 3. Effects of Relish underexpression on immune response and life span

A: qRT-PCR analysis of AMP expression in young (10 da) and old (45 da) male flies.
Control—y wcontrol; rel— re/f2% mutant. Analysis was conducted with 2 independent
cohorts of flies and in triplicate for each cohort. Shown are means £ SEM (n = 6). Asterisks
denote statistically significant differences (*P < 0.05). Shown are changes in mRNA levels
relative to levels in 10 da-old controls for each AMP gene. P values for individual AMPs are
presented in Suppl. Table 2. B: Levels of Relish mRNA in RNA.i fly lines. Downregulation
of Relish was achieved by crossing two different UAS-RNA.-rel fly lines (A and B) to the
GeneSwitch-S106 driver. Controls were GeneSwitch-S106/RNA.-rel flies fed ethanol;
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experimentals were flies fed with mifepristone (+ RU486). Shown are means £ SEM (n = 3).
*P < 0.05. Shown is analysis performed with 10 da old male flies. Analysis of female flies is
shown in Fig. S6. C-D: Life span of re/f2% male and female mutants. Shown are
representative data of two replicate experiments, summarized in Table 2A. Each survival
curve represents ~100 flies. E-F: effects of the fat body-specific downregulation of Relish
on life span. Food containing mifepristone (+RU486) was introduced when flies were 34-37
days, or at the onset of a rapid death, as shown by a vertical line. Data are representative of 3
replicate experiments with one of the transgenic RNA. lines (RNAi-rel-A), summarized in
Table 2B. Similar results were obtained with fly line RNAi-rel-B. Statistically significant
differences were observed between controls and experimentals (P < 0.05) in both sexes, as
determined by the log-rank test.
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FIGURE 4. Effects of global overexpression of AMPs on fly life span
A: gRT-PCR analysis of mRNA levels of different AMPs. Controls (+/AMP) were obtained

by crossing UAS transgene lines to y wflies; Da>AMP—experimental flies expressing
attacin A (AttA), cecropin Al (CecAl), defensin (Def), drosocin (Dro), drosomycin (Drs) or
metchnikowin (Mtk) with the Da-GALA4 driver. Analysis was conducted in triplicate for each
group. Shown are means + SEM (n = 3). Asterisks denote statistically significant differences
(*P < 0.05). B-H: Life spans of flies overexpressing AMPs with the Da-GAL4 driver. Each
survival curve represents 100-125 flies; similar results were obtained in replicate
experiments. Mean ages and statistical analysis are indicated in Table 3. Da/+—driver
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control; +/AttA, +/CecAl, +/Def, +/MtK—transgene controls; Da>AMP-experimentals
overexpressing different AMPs.
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FIGURE 5. Effects of overexpression of AMPs in the fat body on fly life span
A: gRT-PCR analysis of mRNA levels of different AMPs. Upregulation of AMPs was

achieved by crossing the UAS-AMP fly lines to GeneSwitch-S106 driver. Shown are means
+ SEM (n = 6). Asterisks denote statistically significant differences (*P < 0.05). B-E: life
spans of flies overexpressing AMPs in the fat body. Each survival curve represents 100-125
flies. Similar results were obtained in replicate experiments (Table 4).
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FIGURE 6. TUNEL analysis of cell death in flies overexpressing AMPs
Representative images of DNA fragmentation in cryosections made from 25-day-old flies

overexpressing AMPs in the fat body (with S106 driver) or globally (with Da driver). Shown
are selected abdominal and thoracic regions, where differences in DNA fragmentation were
detected. Apoptotic cells in muscles (ms) and the fat body tissue (fb) are indicated by
arrows. No apoptotic changes were detected in flies overexpressing Drs (S106>Drs), as well
as control flies fed with ethanol, as demonstrated on the bottom image with S106/AttA
control. The displayed scale bar is applied to all images.
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FIGURE 7. Analysis of mitochondrial membrane potential in whole-mount preparations made
from flies over-expressing attacin

A. Fluorescent microscopy images of thoracic muscle and the fat body tissues stained with
the JC-1 dye. Regions of high mitochondrial polarization fluoresce red due to accumulation
of JC-aggregates within the mitochondria while JC-1 monomer leaks into the cytoplasm
when mitochondrial membrane potential dissipates and fluoresces green. Three
representative images are shown for each tissue. Preparations were made from 10 da old
driver control (Da/+) and experimental flies overexpressing AttA (Da>AttA). A prominent
decrease in the red/green fluorescence intensity ratio, an indicator of depolarized
mitochondrial membrane, was observed in tissues of flies overexpressing AttA. The
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intensity of green and red fluorescence was analyzed using ImajeJ software, and the ratio of
green and red fluorescence is presented in the graphs shown on the right.
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FIGURE 8. Analysis of AMP levels in flies underexpressing Ird5 and Imd
gRT-PCR analysis of AMP expression in young (10 da) flies infected with £. coli (A) and in

young (10 da) and old (45 da) flies in the absence of infection (B). Analysis was conducted
with 2 independent cohorts of control y wflies and /imdand Jjrd5 mutants, in triplicate for
each cohort. Shown are means + SEM (n = 6). Asterisks denote statistically significant
differences (*P < 0.05). P values for individual AMPs are presented in Suppl. Table 3. All
analyses were performed with male flies.
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¢
<

FIGURE 9. The relationship between Relish-dependent signaling, AMP levels and aging
Shown are key players in Imd/Relish signaling (Kleino and Silverman, 2014). In response to

infection, peptidoglycan recognition proteins (PGRPs) recognize the microbial patterns and
signal through immune deficiency (Imd) and the cascade of kinases, culminating in
activation of the NF-kappaB-like factor Relish and transcription of its target genes, AMPs.
The IKK complex is composed of Kenny and Ird5 subunits and the Imd protein is a part of
the upstream module required for activation of Relish in response to infection. The age-
related increase in AMP levels does not require the upstream recognition/Imd module but
requires activity of Ird5, suggesting that signaling via the IKK/Relish module is triggered by
a different activator. High-level production of AMPs leads to changes in the mitochondrial
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membrane potential and promotes apoptosis in the fly muscle and fat body tissues. The
dotted lines represent links that are yet to be established.
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