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Abstract:

The maintenance of immune homeostasis is critical for tissue health and longevity, yet
the regulatory mechanisms linking immune modulation to aging remain poorly understood.
Here we found that the transcription factor cAMP response element-binding protein
(CREB), activated by JNK signaling in aging guts, transcriptionally
suppresses peptidoglycan recognition protein SC2(PGRP-SC2)—a homolog of anti-
inflammatory PGLYRP1-4 with amidase activity. 16S rRNA sequencing revealed that
CREB modulates not only microbial load but also microbiota composition. Elevated CREB
activity decreased the Firmicutes/Bacteroidetes (F/B) ratio—a hallmark of age-associated
dysbiosis in animals. Genetic enhancement of PGRP-SC2 rescues age-related gut
hyperplasia, microbiota imbalance, and lifespan shortening induced by overactivation of
CREB or its coactivator CRTC. Notably, CREB’s regulation of PGRP-SCZ2 operates
independently of canonical immune pathways such as Imd/Relish, revealing a previously
unrecognized layer of immune modulation. Our findings establish CREB as a central
player in age-associated immune dysregulation and propose targeting the CREB-PGRP-
SC2 axis as a potential therapeutic strategy for mitigating gut aging and its systemic
consequences.
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Introduction:

The immune response is important for the microbiota, tissue homeostasis and organismal
health, which is fine-tuned by a series of regulatory mechanisms.

The invertebrate immune response in Drosophila is controlled by the conserved NF-kB
signaling, including the IMD/Relish pathway, and the Spétzle /Toll pathway, which are
activated by Gram-negative bacteria, Gram-positive bacteria and fungi, respectively (1).
Peptidoglycan (PGN) is the primary structural component of the bacterial cell wall, which
is recognized by PGN-recognition proteins (PGRPs) (2). PGRPs share a 160-aa domain
that is highly similar to that of N-acetylmuramyl-L-alanine amidases (NAMLAA), which
can hydrolyze PGNs(2). The genome of Drosophila comprises 13 members, some of
which, like PGRP-SC1, PGRP-SC2, and PGRP-LB, retain the amidase function and
reduce immune activity by diminishing the PGN pool(3). Recent studies have also shown
that PGRP-SC2 functions as an antibacterial amidase against both commensal and
pathogenic bacteria(4). In contrast, those lacking amidase activity, such as PGRP-SA,
SD, LC, and LE, act as recognition receptors for microbial PGN(5). PGRP-LC attaches to
PGN from bacteria, triggering the Imd pathway and leading to Relish cleavage. The N-
terminal section of Relish, Rel-68, is then transferred to the nucleus, where it initiates the
activation of immune response genes, including antimicrobial peptides (AMPs). AMPs,
which are small cationic peptides, exhibit antibacterial properties by interacting with the
negatively charged bacterial membrane, thereby increasing membrane permeability(6).
Besides the NF-kB pathway, the transcription factor FOXO has been demonstrated to
regulate immunity by controlling the expression of AMPs and PGRP-SC2 (7, 8). Recent
studies have further emphasized the role of PGRP-SCs in tissue stability and aging,
though there are differing findings concerning communication between tissues. In one

study, FOXO-mediated suppression of PGRP-SC2 leads to dysregulated IMD pathway



activation and subsequent microbial dysbiosis in the aged guts, a hallmark of
immunosenescence(8). While another study suggested that the microbial dysbiosis in
aged animals was caused by a suppressed Imd pathway due to elevated levels of PGRP-
SC2 secreted from the fat body(9). It remains to be elucidated whether the interaction
between tissues influenced by PGRP-SC2 causes this dysbiosis and whether the Imd
pathway is activated or inhibited in the aged guts.

Microbial dysbiosis, particularly shifts in the Firmicutes/Bacteroidetes (F/B) ratio, is a
hallmark of aging conserved across species, including Drosophila and humans, where it
correlates with inflammation, metabolic dysfunction, and frailty(10-12). For instance, our
recent study demonstrated that diet-induced obesity (e.g., high-fat diet, HFD) alters the
gut microbiome’s F/B ratio, which in turn modulates host lipid metabolism via tyramine—
a metabolite produced by Tyrosine Decarboxylase (Tdc)-expressing Gram-positive
bacteria. Such dysbiosis-associated shifts in microbial metabolites may directly contribute
to gut aging processes.

The conserved transcription factor CREB (cAMP-responsive element-binding protein)
regulates diverse cellular processes, including proliferation, survival, and metabolism (13).
Phosphorylation at Ser133 in mammals or at Ser231 in Drosophila (its counterpart) by
various protein kinases is essential for CREB to activate transcription of genes containing
cAMP response elements (CRE)(14-16). Beyond post-translational modifications,
CREDB’s activity is modulated by coactivators such as CREB-binding protein (CBP) and
CREB-regulated transcription coactivator (CRTC)(13). In Drosophila, the CRTC/CREB
signaling axis is critical for gut homeostasis, maintaining intestinal stem cell (ISC)
proliferation and enterocyte proteostasis(16, 17). In mammals, CREB contributes to
immune regulation by driving transcription of cytokines, inflammatory mediators, and
promoting M2 macrophage polarization (18, 19). However, the role of CREB in
immunosenescence and microbiome dynamics during aging remains unexplored.

In this study, our results indicate that CREB is a novel regulator between immunity and



aging. In brief, CREB is activated by JNK activation in the aging Drosophila gut and is
involved in the regulation of gut dysbiosis through its downstream target, the negative
immune regulator with amidase activityy, PGRP-SC2. Our findings provide a novel
perspective on the link between age-associated immune senescence and gut dysbiosis,
and also suggest a new target for interventions to promote health and longevity.
Results:

CREB activation in aged Drosophila depends on JNK.

Previously, we demonstrated that CREB in ECs was activated by JNK to manage
proteostatic stresses(16). The expression of JNK transcriptional targets, such as mmp1
and puckered (puc), was significantly increased in aged guts (Fig.S1A), consistent with
established findings that JNK was activated in the aged Drosophila intestine(20).
Intriguingly, CREB activity as indicated by the number of p-CREB®S®"'33-positive nuclei (the
antibody was verified by immunostaining,(21)(22) as well as by Western blot in Fig.S1B
and Supplemental Material) and by luminescence activity of CRE-Luc (a luciferase
reporter driven by five copies of CREs), was significantly increased in the ECs of aged
guts (Figs.1A-B). Furthermore, p-CREB-positive ECs exhibited elevated JNK activity, as
indicated by p-JNK staining (Figs.1C-E). The specificity of p-JNK in the guts was
validated by increased signal in response to paraquat (PQ), a known JNK
activator(23)( Fig.S1C), and by a significant reduced when Basket (Bsk, the Drosophila
JNK homolog) was specifically inhibited in guts by 5966-GS-Gal4>BskRNA' (Fig.1F and
Supplemental Material). Intriguingly, CREB activity was significantly reduced when JNK
activity was inhibited by Bsk knockdown, by overexpression of a dominant negative form
(BskPN) or by SP600125(a known JNK inhibitor(24)) in the aged guts (Figs. G-l and
Fig.S1D). Other known upstream stimuli of CREB, such as calcium and cAMP levels,
remained largely unchanged in the aged intestine, as shown by live imaging under two-
photon microscopy using a genetically encoded calcium indicator(25) (5966-GS-

Gal4>tdTomato-P2A-GCaMP5G) and a fluorescence-based cAMP indicator in the gut



(Figs.S1E-F). Together, these results indicated that elevated CREB activity in aged guts
depends on JNK.

Intestinal CRTC/CREB activity accelerates aging in Drosophila.

We then tested whether CREB activation contributes to aging-related gut dysfunction.
Overexpressing the CREB coactivator CRTC by NP1-Gal4 using TARGET system(26)
results in JAK/STAT activation, ISC over-proliferation, bacterial overload, and a reduced
lifespan (Figs.2A-D). These are all typical age-related characteristics, reminiscent of
those observed in aged guts (Figs.S2A-C) (8, 27). CREB”3% is a deletion allele and no
obvious p-CREB ¢33 gijgnals was detected in ECs of CREBA36 guts(16, 28). CREBA3¢
mutants exhibited an extended median lifespan (36.2 days vs. 28.6 days for w'’’8at 29°C)
despite comparable food intake and defecation rates to w’’’® (Fig. 2E and Figs.S2D-E).
Notably, a substantial reduction in gut microbial load was observed in CREB#3® mutants
compared to their heterozygous siblings or wild-type flies (Figs. 2F-G and Fig.S2F).
Similar findings were achieved in trans-heterozygous (heteroallelic) mutants with
CREBS%2, another null mutant allele of CREB (Fig.S2G). Moreover, gut-specific
overexpression of a repressor of CREB, dcreb-2(29) (herein referred to as CREBPV), is
sufficient to cause a significant reduction in the bacterial load in the gut (Fig. 2H).

The CRTC/CREB module promotes age-related gut dysbiosis in Drosophila
Dysbiosis—a disruption of microbial load and composition—is increasingly recognized as
a hallmark of aging, contributing to tissue degeneration. We then tested whether enteric
CREB regulate gut dysbiosis in Drosophila.

16S rRNA gene sequencing indicated that species diversity in gut microbiome was
significantly reduced in CREB*3¢ compared to the w’’’® controls as shown by the alpha
diversity indices (PD whole tree, Simpson, Pielou and Shannon index) (Fig.3A and
Fig.S3A). In addition, beta diversity assessments
by principal coordinates analysis (PCoA) also separated the CREB#3¢ (n=6) from the
w'’"® (n=6) groups (Fig. S3B). These results indicated that both the abundance and



composition of gut microbiota was regulated by CREB in Drosophila. Intriguingly,
microbes of the phylum Firmicutes, which decreased in aged guts(12), were relatively
enriched in CREB#36 guts while reduced in CRTC°F guts compared to controls (Figs.3B-
D). The abundance of Acetobacter and Lactobacillus are sensitive to age or diet in
Drosophila(30, 31). Surprisingly, despite a reduced total microbial load in CREBA3¢
mutants, the abundance of both Acetobacter and Lactobacillus tends to increase.
Conversely, CRTC-overexpressing flies exhibited an increased total microbial load, yet
showed a slightly reduction in both Acetobacter and Lactobacillus (Fig.S3C). These
results again indicated that the CRTC/CREB module is closely related to gut dysbiosis in
Drosophila.

Immune scavenger PGRP-SCs are transcriptionally suppressed by the CRTC/CREB
module.

We then sought to determine the transcriptional target of CREB involved dysbiosis and
gut aging. Interestingly, a cluster of immune-related genes were among the differentially
expressed genes (DEGs) in an RNAseq dataset when CRTC was overexpressed
(CRTCPCE) in the midgut (Fig. 4A and Fig.S4A). In particular, the PGRP-SC cluster with
amidase activity was significantly reduced by CRTCCF in ECs, which was validated by
RT—qPCR in the fly guts (Fig.4B). On the other hand, the enteric expression of PGRP-
SC2 remained largely unchanged when CBP/p300 was silenced in the guts (Fig.S4B).
GO-term enrichment analysis of DEGs indicated that Imd pathway was not enriched in
CRTCCE guts and the expression of AMPs such as AttA and DptA was largely unchanged
(Figs.S4A and S4C). On the other hand, fat body specific overexpression of CREBPV
also significantly promotes expression of the PGRP-SC cluster (Fig.4C). Bioinformatics
analysis revealed three CRE conserved motifs in the promoter region of PGRP-SC2. A
chromatin immunoprecipitation (IP) assay was then performed to determine whether
CREB binds to the PGRP-SC2 promoter region in the intestine. Our ChIP-PCR results

showed that fragments spanning all these three CRE motifs were significantly enriched



in the CREB antibody group compared to the IgG group after Ecc15 infection (Fig.4D and
Fig.S4D). An electrophoretic mobility shift assay (EMSA) experiment was performed to
test whether CREB can directly bind to the CREs in the promoter region of PGRP-SC2
region. The His-Tagged dCREB protein was purified and then incubated with two biotin-
labeled probes containing P2(-798 to -811) and P3(-1271 to -1284), which has higher
CRE prediction scores (Fig.S4D). As shown in Fig.4E, the biotin-labelled P2 probe
displayed strong binding to the dCREB. Taken together, these results indicated that
PGRP-SC2 is a transcriptional target of the CRTC/CREB complex in the fly gut.

CREB regulates PGRP-SC2 expression independently of the Imd pathway.
PGRP-SC2 is a well-characterized negative regulator of the Imd pathway (8, 32). We then
tested the relationship between Relish (Rel) and CREB in terms of PGRP-SC2 regulation.
PGRP-SC2 expression in the gut was increased by gut-specific overexpression of Rel-68
(Fig.5A), an N-terminal constitutively active form of Rel (33), indicating that PGRP-SC2
is a transcriptional target of Rel that forms a negative feedback loop to regulate the
immune response. Notably, Rel-68 overexpression did not alter CREB expression or
activity in the gut (Figs. 5A-B), indicating that Imd pathway-mediated regulation of PGRP-
SC2 occurs independently of CREB. Interestingly, PGRP-SC2 expression in CREB3¢
mutants remained elevated after feeding with pyrrolidine dithiocarbamate (PDTC), a NF-
KB inhibitor(34)(Fig. 5C). On the other hand, the expression of Relish and AMPs such as
DptA and DptB, as well as 4E-BP (Thor in Drosophila, a known target of Foxo(35, 36)),
remained largely unchanged in CREB#3 mutants (Figs.5D-E). These findings suggest
that CREB functions independently of the Imd pathway in regulating PGRP-SC2
expression.

The CREB-PGRP-SC2 axis drives age-associated intestinal immuno-senescence in
Drosophila.

Intriguingly, although Imd activity—as indicated by elevated AMP expression—was

heightened in aged conditions (Fig. 6A), the expression of PGRP-SC2 in aged guts (65



days) was significantly reduced compared to young ones (3 days) (Fig. 6B). Foxo is
another known regulator of PGRP-SC2(8), which was confirmed in trans-heterozygous
Foxo®9%2" mutants (Fig.S5A). However, the activity of Foxo remained largely unchanged
in aged guts, as indicated by expression of Thor (Fig.6C). This discrepancy led us to
speculate that the decrease in PGRP-SC2 expression might result from elevated CREB
activity during aging. To test this hypothesis, we investigated whether aging-related
defects caused by CRTC/CREB overexpression stemmed from reduced PGRP-SC2
levels. Strikingly, simultaneous overexpression of PGRP-SC2 rescued aging-associated
defects when CRTC was overexpressed using either the NP1-Gal4/TARGET system or
the RUA486-inducible enterocyte-specific driver 5966-GS-Gal4 (37). These defects
included ISC over-proliferation, bacterial overload, and reduced lifespan (Figs. 6D-F and
Figs.S5B-C). Similarly, ISC over-proliferation and microbial overload caused by CREB'"A
overexpression were also suppressed by PGRP-SC2 co-overexpression (Figs. 6G-H and
Fig. S5D). These results suggest that the CREB-PGRPSC?2 axis acts as a key driver of
intestinal immunosenescence in aged Drosophila.

Gut immunosenescence is not attributable to paracrine-secreted PGRP-SC2 from
the fat bodies

It has been postulated that disrupted tissue communication between the fat body and gut
contributes to dysbiosis and immunosenescence in aged intestines. Previous work
showed that aged fat bodies secreted PGRP-SC2, which repressed Imd signaling in the
midgut (Fig.7A) (9). However, surprisingly, PGRP-SC2 expression in fat bodies remained
largely unchanged in aged versus young animals (Fig.7B). Notably, Imd pathway
activity—assayed by AMPs expression—showed a non-significant upward trend in aged
fat bodies while CREB activity was significantly reduced (Fig. 7C-D). Intriguingly, fat body-
specific overexpression of PGRP-SC2 unexpectedly increased gut AMP expression,
though not significantly (Fig. 7E). Furthermore, since CREB suppresses PGRP-SC2
expression in fat bodies (Fig.4C), fat body-specific CREB knockdown also tended to



elevate gut AMP levels. Collectively, these findings suggest that enterocyte-autonomous

CREB activation drives intestinal immune-senescence in Drosophila (Fig. 7F).
Discussion:

Immuno-senescence, the age-related decline in immune function, is intimately linked to
tissue aging. The Drosophila gastrointestinal tract serves as a critical innate immune
epithelium, integrating microbial defense with tissue homeostasis. During aging, this
system deteriorates, manifesting as epithelial dysplasia, microbial dysbiosis, and chronic
inflammation. Our study reveals that CREB-mediated suppression of intestinal PGRP-
SC2 during aging establishes a novel mechanistic axis driving both immune-senescence
and gastrointestinal aging in Drosophila. Although fat body-specific knockdown of CREB
failed to alter the levels of AMPs or PGRP-SC2 in the intestine, the potential role of the
fat body in inter-organ immune crosstalk still requires further exploration, given its status
as an important immune organ(38).

Notably, while CREB activity promotes proteostasis, it exhibits an inverse correlation with
lifespan in Drosophila. Consistently, it has also been shown that CREB accelerates aging
in mammalian epithelial cells by promoting apoptosis induced by oxidative stress(39).
These contrasts with findings in C. elegans, where systemic overexpression of CRTC (a
CREB coactivator) extends lifespan (40). We propose a tissue-specific trade-off: the
Drosophila midgut—rapidly renewed epithelial barriers essential for frontline innate
immunity—oprioritize immune regulation over proteostatic maintenance. Here,
CRTC/CREB-driven immune-senescence likely overshadows its proteostatic benefits,
reflecting the unique demands of a tissue where transient cell survival and antimicrobial
defense outweigh sustained stress resilience. This tissue-specific dichotomy uncovers an
evolutionary divergence in CRTC/CREB signaling and underscores the context-
dependent interplay between immunity, proteostasis, and aging.

Although PGN is a universal component of bacterial cell walls, Gram-positive bacteria
possess a substantially thicker peptidoglycan layer (constituting up to 80% of the cell wall)

compared to Gram-negative bacteria, which contain only 5-10% peptidoglycan. This



structural distinction implies that Gram-negative bacteria may be more vulnerable to
enzymatic degradation by PGRP-SC2. Age-related, CREB-mediated suppression of
PGRP-SC2 could drive dysbiosis by disproportionately reducing the abundance of
Firmicutes (Gram-positive) relative to Bacteroidetes (Gram-negative), thereby decreasing
the Firmicutes/Bacteroidetes (F/B) ratio.

PGLYRPs, the mammalian homologs of insect PGRPs(41), have been implicated in gut
microbiota regulation and colitis susceptibility, as evidenced by studies demonstrating
altered microbial communities and heightened colitis risk in PGLYRP3/4-deficient
mutants(42). Bioinformatic analyses identified a conserved CRE motif within the
PGLYRP1 promoter, suggesting potential CREB-mediated regulation. Future studies
should verify whether CREB regulates PGLYRPs through a similar mechanism, to expand

the translational significance of this study in mammals.

MATERIALS AND METHODS

Drosophila Stocks and husbandry

w'''8(BL3605),  5xCRE-LUC(BL79016),  UAS-CREBPN(BL7219), = UAS-CREB-
17A(BL9232), RelF?(BL9457), CREB"3¢(BL79018), CREBS'52(BL4720), UAS-
CREBRNA(BL29332), Cg-GAL4(BL7011), PGRP-LC*° (BL36323); SpzI4(BL3115), PGRP-
LE!2( BL33055) from Bloomington Drosophila Stock Center. UAS-PGRP-SC2°F (This
study). UAS-p300"NA" (105115) from Vienna Drosophila Resource Center. UAS-BskRNA/
(BCF#254) from National Drosophila Resource Center of China. NP1-GAL4* was
generously provided by D. Ferrandon, UAS-CRTCHA from Y. Hirano. UAS-td Tomato-P2A-
GCaMP5 from R.W. Daniels, and 5966°° from H. Jasper lab. All flies were maintained on
standard molasses/yeast food.

Fly food recipe: 10 L distilled water, 138 g agar, 220 g molasses, 750 g malt extract, 180
g dry yeast, 800 g corn flour, 100 g soy flour, 62.5 ml propionic acid, 20 g Methyl 4-

Hydroxybenzoate, and 72 ml ethanol). Flies were cultured and maintained at 25 °C, 60%



humidity with a 12 h: 12 h light-dark cycle. For RU486 food supplementation, 200 ul of a
5 mg/ml solution of RU486(mifepristone) (MACKIN, Cat# M830038) or vehicle (ethanol
80%) was deposited on top of the food. Equal amount of 80% ethanol only solution was
used as mock control. The food was then dried for at least 16 hr to ensure complete
evaporation. Flies kept at 25 °C were fed on RU486 or mock food for 48 h and dissected
after treatment. For TARGET system, the flies were shift to 29°C to induce misexpression
of transgenes.

For JNK inhibitor treatment, SP600125 (CAS 129-56-6, Catalog No. A4604, APExBIO
Technology LLC) was dissolved in ethanol, and then diluted with 5% sucrose (final
concentration of 100 uM). The solution was then soaked in Whatman paper for treatment.
Cloning and transgenic fly generation of UAS-PGRP-SC2

UAS-PGRP-SC2°F transgenic lines were generated by cloning the coding sequence of
PGRP-SC2 (amplified using the following primers: 5'-
TGAATAGGGAATTGGATGGCAAACAAAGCTCTCATCCTT-3'and 5'-
TCTGTTAACGAATTCGGCCTTCCAGTTGGACCAGGTG-3') into pUAST. The fragment
of the cloning target (PGRP-SC2) was ligated into the pUAST vector using In-Fusion
cloning. The vector cleavage site used was EcoRI (NEB, Cat#R0101S). Sequencing was
performed to confirm the inserted sequence. Transgenic flies were generated using
standard procedures by Genetic Services, Inc.

Luciferase assays

CRE luciferase activity was measured using the Bright-Glo™ Luciferase Assay kit
(Promega, Cat# E2610) according to the manufacture instructions. In brief, lysates from
whole flies (n=5) or guts from 15 animals were obtained by homogenized in 80ul Glo lysis
buffer. After centrifugation at 12,000xg for 10 minutes, 30ul of supernatant were aliquoted
in triplicates in 96-well plate. Three independent samples from each condition were
analyzed. After incubation in the dark for 5 min, luminescence was measured using a

microplate reader (Synergy HTX, Biotech, Winooski, Vermont, USA). Luminescence



values were then normalized with protein concentrations, which were determined with
BSA as a standard using a bicinchoninic acid (BCA) protein assay kit (Yeasen

Biotechnology, Cat#20201ES76) according to the manufacturer’s instructions.

cAMP Assay
The level of cAMP in the intestinal tissue was determined by measuring the relative light

units (RLU) using a cAMP-Glo™ Assay kit (Promega, Cat# V1501), following the
manufacturer's instructions. In summary, protease inhibitors and the PDE inhibitors (0.5
mM IBMX and 100 uyM Ro020-1724) were mixed in cold cAMP-Glo Lysis Buffer.
Subsequently, the dissected tissues were homogenized in the lysis buffer. Following the
incubation period, the level of luminescence was measured using a Biotek microplate

reader.

Immunostaining and microscopy

Immunostaining was performed based on previous publications(16, 43). In brief, guts
were first dissected in 1xPBS, then fixed at room temperature for 45 min in 4%
formaldehyde. After wash for 1 h in washing buffer (PBS, 0.5% BSA, 0.1% Triton X-100),
tissues were incubated overnight at 4°C with primary antibodies diluted in washing buffer.
Antibodies used in the studies: rabbit anti-pH3 (1:1000, Cat#06-570, Sigma-Aldrich),
rabbit anti-pCREB (1:300, Cat#87G3, Cell Signaling Technology), mouse anti-pJNK
(1:300, Cat#Y061992, Applied Biological Materials). Fluorescent secondary antibodies
from Jackson Immuno-research were incubated for 4 h at room temperature (1:500
dilution). DAPI was used to stain DNA. Samples are then mounted and imaged with
Zeiss Axiolmager M2 with the apotome system. Images were then processed with ZEN

and Image J software.

His-tagged CREB construction and protein purification

The full length of CrebB (Dmel_CG6103) was cloned into a mammalian expression vector



containing 6xHis tag (pcDNA3.1(+)-C-6His). Positive clones were validated by
sequencing. The plasmid was then transfected into 293T cells by Lipofectamine™ 2000
(Thermo Fisher Scientific, 11668019). Recombinant protein purification was performed
according to the instructions for the His-tag protein purification kit (Beyotime, P2226). The

concentration of the purified protein was determined by the BCA assay.

Electrophoretic mobility shift assay (EMSA)

P2(-798 to -811) and P3(-1271 to -1284) in the promoter region of PGRP-SC2, which has
higher CRE prediction scores were biotin-labeled. Meanwhile, mutated probes or
competitive cold probes (without biotin-labeling) were also synthesized. EMSA
experiments were performed according to the Chemiluminescent EMSA Kit protocol
(Beyotime, GS009). After electrophoresis, the gel was transferred to a nylon membrane
and crosslinked for 45 - 60 seconds(120 mJ/cm?) with a 254 nm wavelength. After
blocking, incubate with streptavidin-HRP and detected with BeyoECL in the dark for 5
minutes.

Probe sequence:

Biotin probe 2F: CAAAACATACGCATCATAATGTCATAATTC

Biotin probe 2R: GAATTATGACATTATGATGCGTATGTTTTG

Biotin probe 3F: GATGTTTTGATGACAACTAAAATAAAAACAGGG

Biotin probe 3R: CCCTGTTTTTATTTTAGTTGTCATCAAAACATC

Mutant probe 2F: CAAAACATACGCATCCTAGTACCGTAATTC

Mutant probe 2R: GAATTACGGTACTAGGATGCGTATGTTTTG

Ex vivo imaging in Drosophila intestine

The imaging setup was based on our previous publications with minor modifications(25,
44). Flies were dissected in Adult Hemolymph-like Saline medium containing 2mM
CaClz, 5mM KCI, 5mM HEPES, 8.2mM MgClI2, 108mM NaCl, 4mM NaHCOs, 1mM

NaH2PO4, 5mM trehalose and 10 mM sucrose. The intact guts were dissected in



1XPBS and immediately transferred to 35 mm Nunc™ Glass Bottom Dishes (Thermo
Scientific™, 150682) and embedded in 1% low melting agarose in AHLS and
submerged in AHLS. All live-imaging experiments were imaged using an Olympus
FVMPE-RS two-photon microscope equipped with two lasers for fluorescence

excitation.

Gene Ontology analysis of RNAseq data

Differential expressed genes (DEGs) regulated by CRTC overexpression in fly guts were
re-analyzed based on our previous publication (16). Metadata files with the GEO (Gene
Expression Omnibus repository) accession number (GSE185159) were analyzed with
OmicShare software.

16S rRNA gene sequencing

To extract commensal genomic DNA from the guts, the flies were dipped into 70%
ethanol for about 1 min to kill bacteria on the fly cuticle and were then dissected in 1x
sterile PBS. The fly crops were removed while leaving the whole midguts intact to avoid
leakage. Each sample of 10 female guts was processed using the UltraClean Microbial
DNA Isolation Kit (Qiagene, Germany). The DNA was used as templates for limited
cycle PCR with primers targeting V3/V4 regions (forward 5'-
CCTACGGGNGGCWGCAG-3’ and reverse 5'- GACTACHVGGGTATCTAATCC-3) to
get the 16 S metagenomic sequencing library. Reaction conditions: 94 °C for 5 min,
followed by 30 cycles of 94 °C for 1 min, 48 °C for 2 min, and 72 °C for 2 min, and a final
extension at 72 °C for 5 min. Sequencing libraries were generated by the lllumina
platform at Igenebook Co. (Wuhan, China). Library quality was evaluated on the Qubit
2.0 fluorometer (Thermo Scientific) and the Agilent Bioanalyzer 2100 system.

Colony Forming Units (CFU) assay

CFU assay was based on previous publications with minor modifications(45, 46). In brief,

5 female flies from each genotype were briefly sterilized in 95% ethanol for 1 min before



dissection. The guts were placed in 200ul of 1xPBS in a 1.5ml Eppendorf tube. After
homogenized in pestle, the diluted lysates were then plated on nutrient agar plates
(213000, BD biosciences) incubated at 30°C for 48 or 72 hours.

Chromatin immunoprecipitation (ChIP)-PCR

Thirty intestines were homogenized with a pestle on ice and further sonicated using the
Covaris system (Gene Co, M220) plus system. Cross-linked DNA fragments were then
immunoprecipitated with the CREB antibody or equivalent concentrations of normal rabbit
IgG as a negative control. The DNA was then eluted from the immune complexes (ChIP
kit, 17-10460, Merck, Darmstadt, Germany) and subjected to PCR amplification of the
region of the PGRP-SC2 gene promoter containing the CRE fragments (Seg-1,2,3) using
the following primers:

Seq1:(F): GGAGAGTAGTCAGATTATCCAC, (R): AAATTCGCACCAAGTTCG;
Seq2:(F): GCTTCGAACTTGGTGCGAA, (R): CTGTACGCCCTTTTACTCCAG;

Seq3: (F): GCTTTGAGTGCGGATAGT, (R): CTAGAGTCAGGTATTGTCCC

Lifespan experiments

Mated flies were sorted by sex and genotype into cages (20-50 female flies and 3-5 male
flies/43cm?) and aged at 29°C(8). Flies were maintained 12-hr light/12-hr dark cycle, with
60% humidity. Flies were scored daily as alive or dead till the last survivor was dead.
Three independent experiments were performed for each genotype. Statistical analysis
is performed using GraphPad Prism 8 and Log-rank tests were performed for survivorship.
Quantitative real-time PCR

RNA was extracted from 15-20 guts using TriZol reagent (Cat#9109, Takara). cDNA was
synthesized using All-In-One 5X RT MasterMix Kit (Cat#G592, Applied Biological
Materials) according to the manufacturer's instructions. Real-time PCR was performed in
triplicate for each sample using a CFX96TM Real-Time System (Bio-Rad Laboratories).
Expression values were calculated using the A ACt method and normalized to Rp49

expression levels. Results are shown as mean + S.E.M. of at least 3 independent



biological samples.

The following primers pairs were used:
RP49(F):5'-CCAGTCGGATCGATATGCTAAG-3/,
RP49(R):5-CCGATGTTGGGCATCAGATA-3';

Creb (F):5'- GATACAGGCCAATCCCTCGG -3/,

Creb (R):5-GTGTGGATGACCGTCGAGTT-3/

Crtc (F):5'- CTTAGACAACGGCCAGCTAAA-3Z,

Crtc (R):5- CATCGAGTTCACGTCGCTATT-3";

Foxo (F):5'- GAGTCAGATTTACGAGTGGATGG-3/,
Foxo (R):5-AGCGACAGATTGTGACGTATG-3';

Thor (F):5'- CATGCAGCAACTGCCAAATC-3',

Thor (R):5'- CCGAGAGAACAAACAAGGTGG-3;
PGRP-SC1b/a (F):5'- CTATGTCGTCTCCAAGGCGGAGT-3',
PGRP-SC1b/a (R):5'- CGATCAGGAAGTTGTAGCCGATGT-3/;
PGRP-SC2 (F):5- TGGCAAACAAAGCTCTCATC-3',
PGRP-SC2 (R):5- ACGGCGTAGCTCAGGTAGTT-3';
Rel (F):5'- CTCGTGAGCGATACTACTTGTG-3/,

Rel (R):5'- TTCGGCGGATGGGAAATTAT-3';
AttA(F):5- TGGCCCTGGTGGCACTTTTC-3',
AttA(R):5'- CAAACGAGCATCAGCCCCAC-3';
DptA(F):5'- CGCAGTACCCACTCAATCTTC-3,

DptA (R):5'- GTGCTGTCCATATCCTCCATTC-3";
DptB (F):5'- GGCTTATCCCTATCCTGATCC-3,

DptB (R):5'- CATTCAATTGGAACTGGCGA-3";
Upd3(F):5'- GCACCAAGACTCTGGACATT-3,

Upd3 (R):5- GAAGGTTCAACTGTTTGCTAGTG-3;

Puc (F):5- CCTAGCAATCCTTCGTCATCTT-3',



Puc (R):5'- TCGCTATCCG ACTTGGATTTAC-3'

Statistical analysis

Sample sizes were selected based on effect sizes reported in previous studies(8, 21) to
ensure sufficient statistical power for detecting significant effects.

Sample sizes were determined as follows for each condition: immunostaining (8—10 guts),
RT-gPCR (15-20 guts), CFU assays (5 guts for genomic DNA), and 16S rRNA
sequencing (20-30 guts for sufficient RNA). Each experiment was performed with a
minimum of three biological replicates. Data that passed normality tests (Shapiro-Milk test)
were plotted and analyzed using GraphPad Prism 8 and reported in the figure legends.
Experimental flies and genetic controls were tested in the same condition, and data are
from at least three independent experiments. Please refer to the individual figure legends
for details. For alpha diversity analysis of microbiota, QIIME2(version v.1.8.0) were
utilized. For species composition analysis, ggplot2 in R package and code: giime taxa
barplot from QIIME2 were performed. PLS-DA in beta diversity was implemented in the
R mixOmics package.
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Figures:

Figure 1. CREB activation in aged Drosophila depends on JNK.

(A), CREB activity was examined by immunostaining against p-CREB (red). Y: 3d, O: 65d.
Scale bar: 20 um. Representative images shown on the left, quantifications of pCREB

positive nuclei were shown on the right. Each dot represents a gut.



(B), CREB activity (indicated by CRE-Luc Luciferase activity) was increased in guts
during aging. Y: 3d, O: 65d. Each dot represents one group. 15 guts for each group.
Genotypes: 5xCRE-LUC.

(C-D), Representative images showing that CREB activity (p-CREB in red) and JNK
activity (p-JNK in grey) are increased during aging. The stars indicate typical ECs with
increased p-CREB and p-JNK activity in old animals (O). Scale bar: 20 ym. Scatter plot
showing correlation of immunostaining staining signals for p-CREB (X-axis) and p-JNK
(Y-axis) on the right.

(E), Quantifications of p-JNK signals in ECs were shown in C. Each dot represents one
gut.

(F), JNK activity in the guts were examined by Western blot with antibody against p-JNK.
Anti-GAPDH as an internal control. Genotypes: 5966GS-Gal4 or 5966GS-Gal4;, UAS-
BskRNA Quantifications shown on the right.

(G), CREB activity in ECs of flies was examined when JNK was inhibited by gut specific
knockdown of Bsk. Genotypes: 5966GS-Gal4 or 5966GS-Gal4; UAS-BskRNA.
Representative images shown on the left, quantifications of pCREB positive nuclei were
shown on the right.

(H-1), CREB activity in ECs of aged flies (65d) was examined when JNK was inhibited by

a dominant negative form of Bsk (BskP") or by SP600125(100uM, 24hr, a JNK inhibitor-

JNKIi). Each dot represents one gut. For all panels, means + S.E.M are shown, Student’s

t-Test for all panels, *: P<0.05, **: P<0.01, ***: P<0.001.

Figure 2. Intestinal CRTC/CREB activity accelerates aging in Drosophila.

(A), The expression of Crtc, Upd2 and Upd3 in the gut was assessed by RT-g-PCR. Each
dot represents one gut. 15 guts for each group.

(B), ISC proliferation rate in guts was examined by phosphor-H3 staining. At least 10 guts

for each condition.



(C), The microbial load was increased in CRTC overexpression animals as indicated by
colony forming unit (CFU). Each dot represents one group, 5 guts for each group. Means+
S.E.M are shown. Student’s t-Test for A-C. ns: no significance, *: P<0.05, **: P<0.01, ***:
P<0.001.

(D), Survival curves showing that gut-specific CRTC overexpression shortened lifespan.
The log-rank test was performed for statistics based on biological triplicates. At least 100
flies were analyzed for each condition. Genotypes for A-D: NP1-Gal4's or NP1-Gal4®,
UAS-CRTCHA,

(E), Survival curves showing that CREBA3 mutants extended lifespan. The log-rank test
was performed for statistics based on biological triplicates. At least 100 flies were
analyzed for each condition. Genotypes: w'''® or CREB#%6,

(F-G), Commensal bacterial load indicated by colony forming unit (CFU) was reduced in
CREB"36 mutants. Representative plates shown on left. Each dot represents one group,
5 guts for each group. Genotypes: w''"® or CREBA3.

(H), Quantification of CFU of the indicated genotypes after induction at 29°C for 4 days.
Genotypes: NP1-Gal4's; UAS-GFPCE and NP1-Gal4®s, UAS-CREBPN. Means + S.E.M are
shown. Student’s t-Test for G-H, *: P<0.05, **: P<0.01.

Figure 3. CRTC/CREB promotes aging-related gut dysbiosis in Drosophila

(A), Shannon index (left) and PD_whole_tree analysis (right) of 16s rRNA sequencing in
gut commensal with indicated genotypes are shown. n=3 for w''’8 n=4 for CREB*3%. The
minima, maxima, center(median), and IQR (interquartile range) are marked in boxplots.
(B-C), Composition of gut microbiota with indicated genotypes were shown as barplots.

The most enriched phyla in each condition were shown. The group name with different

color is shown on the top. F: Firmicutes B: Bacterioidetes.

(D), Differential abundance of bacterial phyla of 16S rRNA sequencing was analyzed by

R and its value package. Relative abundance is shown in X axis, differential phyla were



shown in Y axis. Genotypes for A-D: w'''8 or CREBA3%;, NP1-Gal4's or NP1-Gal4's, UAS-
CRTCHA,

Figure 4. Immune scavenger PGRP-SCs are transcriptionally suppressed by the
CRTC/CREB module.

(A), Heat map of RNAseq analysis showing immune-related genes that are differentially
expressed in the intestine by CRTC overexpression.

(B), RT-gPCR validation of a cluster of PGRP SCs expression levels in fly guts.
Genotypes for A-B: NP1-Gal4's or NP1-Gal4®s, UAS-CRTC"A.

(C), The PGRP-SCs expression was also increased in the fat body when CREB was
specifically knocked down in the fat body. Genotype: Cg-Gal4’s or Cg-Gal4®, UAS-
CREBPN,

(D), CREB binds to the PGRP-SC2 promoter. The ChIP PCR analysis was performed in
fly lysates using anti-CREB antibody. The immunoprecipitated DNA fragments were
amplified by PCR and normalized with IgG using three primers (black) spanning the CRE
motif (pink) in the promoter region of PGRP-SC2. TSS: translation start site. For all panels,

means + SEM are shown. Student’s t-Test for B-D, *: P<0.05, **: P<0.01, ***: P<0.001.

(E), EMSA analysis of CREB binding affinity with the PGRP-SC2 promoter. Two potential
CRE motifs with higher prediction score (P2(-798 to -811) and P3(-1271 to -1284) was
examined. Biotin-P2: biotin-conjugated P2 probe; Cold probe: unlabeled P2 probe; Cold
probe3: unlabeled P3 probe; Mutated probe: P2 probe with a mutated CRE motif. The
arrow points to the binding of CREB with the probe, which is detected by streptavidin-
HRP.

Figure 5. CREB regulates PGRP-SC2 expression independently of the Imd pathway.
(A), RT-g-PCR analysis of gene expression in fly guts. SC2: PGRP-SC2, CREB or Relish

(Rel). Each dot represents one group.



(B), CREB activity in Rel-68 overexpressing ECs was examined. Representative images
on the left and quantifications on the right. Scale bar:20um. Each dot represents for one
gut. Genotypes for A-B: NP1-Gal4's or NP1-Gal4's, UAS-Relish68.

(C-E), Gene expression in the guts of flies with the indicated genotypes. Each dot
represents one group. PDTC: pyrrolidine dithiocarbamate, a NF-kB inhibitor. Relish (Rel)
or Thor, SC1-a/b: PGRP-SC1a/b, DptA/B: Diptericin A/B. Genotypes for C-E: w5,
CREB?36, For all panels, means + SEM are shown. Student’s t-Test for statistics, n.s.: no

significance, *: P<0.05, **: P<0.01.

Figure 6. Gut-specific overexpression of PGRP-SC2 suppresses age-related
defects upon CRTC/CREB activation.

(A), Expression level of AMPs such as AftA, CecC and DptA/B in the intestine was
examined in aging guts. Each dot represents one group, 15 guts for each group.

(B-C), RT-g-PCR analysis of gene expression in aging guts. Genotype: 5xCRE-LUC.
(D), ISC proliferation rate in guts was examined by phosphor-H3 staining. ISC over-
proliferation induced by gut specific overexpression of CRTC was rescued by
simultaneously overexpressing PGRP-SC2. At least 10 guts for each condition. Each dot
represents one gut.

(E), The microbial overload mediated by gut-specific CRTC overexpression was also
rescued by simultaneously overexpressing PGRP-SC2. Each dot represents one group.
(F), Survival curves showing that gut-specific CRTC overexpression shortened lifespan,
which was rescued by PGRP-SC2 overexpression. The log-rank test was performed for
statistics based on biological triplicates. At least 100 flies were analyzed for each
condition. Genotypes for D-F: NP1-Gal4's or NP1-Gal4®s, UAS-CRTC"A or NP1-Gal4¥,
UAS-PGRPSC2% or NP1-Gal4®s, UAS-CRTC", UAS-PGRPSC2CE.

(G), ISC over-proliferation induced by gut specific overexpression of CREB was rescued

by simultaneously overexpressing PGRP-SC2. At least 10 guts for each condition. Each



dot represents one gut.

(H), Microbial overload mediated by gut specific CREB overexpression was rescued by
simultaneously overexpressing PGRP-SC2 after induced at 29°C for 4 days. Each dot
represents one group, 5 guts for each group. Genotypes for G-H: NP1-Gal4!s or NP1-
Gal4's, UAS-CREB'"A or NP1-Gal4's, UAS-PGRPSC2°F and NP1-Gal4's, UAS-CREB'",
UAS-PGRPSC2C°E. For all panels, means + S.E.M are shown, Student’s t-Test for A-C.
Two-way ANOVA for D-E, G and H, n.s.: no significance, *: P<0.05, **: P<0.01, ****:
P<0.0001.

Figure 7. Gut immunosenescence is not attributable to paracrine-secreted PGRP-
SC2 from the fat bodies.

(A), Schematic hypothesis for tissue crosstalk mediated gut immune-senescence:
Whether PGRP-SC2 is increased in aged fat body and whether its release from the fat
body suppresses immune function in the aged guts.

(B-C), Expression of AMPs (such as DptA and DptB) and PGRP-SC2 in fat body was
largely unchanged in aged condition. Each dot represents one group, 13 animals for each
group.

(D), CREB activity (indicated by CRE-Luc Luciferase activity) in fat body was reduced in
aged condition. Y: Young, O: Old. Each dot represents one group, 13 animals for each
group. Genotypes for B-D: 5xCRE-Luc.

(E), The expression of AMPs such as AttA, CecC, Dro, and DptA in the gut was assessed
by RT-g-PCR when PGRP-SC2 overexpressed or CREBRNA/ in the fat body.

(F), Schematic summary: chronic activation of CREB contributes to gut microbial
overgrowth in aged animals. Chronic activation of JNK during aging leads to activation of
CREB and FOXO(8), which counteract the role of Relish (Rel) to reduce PGRP-SC2
expression in the gut, which contributes to dysbiosis (such as reduced F/B ratio) in the

aged guts. For all panels, means + SEM are shown. Student’s t-Test for B-D, one-way



ANOVA for E. n.s.: no significance, *: P<0.05, **: P<0.01.
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Relative expression level in gut
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