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SUMMARY

Coordination of stem cell activity with inflammatory responses is critical for regeneration and
homeostasis of barrier epithelia. The temporal sequence of cell interactions during injury-induced
regeneration is only beginning to be understood. Here we show that intestinal stem cells (ISCs) are
regulated by macrophage-like hemocytes during the early phase of regenerative responses of the
Drosophila intestinal epithelium. Upon tissue damage, hemocytes are recruited to the intestine and
secrete the TGFB/BMP homologue Dpp, inducing ISC proliferation by activating the Type |
receptor Saxophone and the Smad homologue Smox. Activated ISCs then switch their response to
Dpp by inducing expression of Thickveins, a second Type | receptor that has previously been
shown to re-establish ISC quiescence by activating Mad. The interaction between hemocytes and
ISCs promotes infection resistance, but also contributes to the development of intestinal dysplasia
in aging flies. We propose that similar interactions influence pathologies like inflammatory bowel
disease and colorectal cancer in humans.
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INTRODUCTION

The intestinal epithelium constitutes a regenerative, permeable barrier that interacts with

commensal and pathogenic microbes and responds to environmental toxins and to physical
stress while allowing selective nutrient resorptionl4. To maintain homeostasis, it is critical
that regenerative activity is precisely coordinated with innate immune responses. How this
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coordination is achieved, however, remains unclear. The Drosophila intestinal epithelium is
a powerful model to study epithelial immunity, damage responses and regeneration®. It
mounts innate immune responses to control commensal and pathogenic microorganisms and
is regenerated by a population of intestinal stem cells (ISCs) that give rise to both
enterocytes (ECs) and enteroendocrine cells (EEs)2°-8,

ISCs exhibit strong proliferative plasticity in the wake of damaging environmental
challenges®°. Regenerative responses are controlled by local and paracrine signals, derived
either from damaged enterocytes (ECs) or from the surrounding visceral muscle, that
activate a host of pro-proliferative signaling pathways in 1SCs®°. EC-derived interleukin 6-
like cytokines called Unpaireds (Upd1-3) promote ISC proliferation either directly by
activating JAK/Stat signaling in ISCs, or indirectly by inducing expression of EGF Receptor
(EGFR) ligands, such as vein, in the visceral muscle, which then activate EGFR signaling in
ISCs®16, Proliferative activity of ISCs is further controlled by Wingless signaling, Jun-N-
terminal Kinase, and insulin signaling, among other signals29.17.

The BMP homologue Decapentaplegic (Dpp) plays recurrent and complex roles in the
regulation of 1SCs18-22, Under homeostatic conditions, Dpp signaling is required for the
differentiation of acid-secreting Copper cells in the middle midgut region18:20, while in
response to tissue damage, Dpp secreted from visceral muscle engages the type | receptor
Thickveins (Tkv) and the Drosophila Smad protein Mad to promote ISC return to
quiescence?0. In contrast, a second BMP type | receptor, Saxophone (Sax), is required to
induce proliferation?l. The relationship between Tkv and Sax-mediated regulation of 1SC
proliferation remains unclear, as does the relevant source of Dpp19-22,

Work in vertebrates has implicated immune cells in the induction of mitotic activity and
regeneration in intestinal epithelia?3-24:25, In Drosophila, macrophage-like hemocytes
constitute a major population of blood cells2® that mediate infection responses and tissue
repair?’, yet if and how these cells influence regeneration in the intestinal epithelium has not
been addressed.

Here we identify a role for Dpp derived from gut-associated hemocytes in the regulation of
ISC proliferation. We find that Dpp secreted from these hemocytes induces ISC proliferation
through Sax-mediated activation of Smad on X (Smox) in the initial response to Erwinia
Carotovora Carotovora 15 (Ecc15!3). In the later phase of the regenerative response, I1SCs
express Tkv, diverting the Dpp signal from Sax/Smox to Mad, restoring ISC quiescence.
Differential expression of Sax and Tkv thus allows selective responses of 1ISCs to Dpp at
different timepoints during a regenerative episode. The regulation of ISC proliferation by
hemocyte-derived Dpp is critical for host survival during acute intestinal infection, but it
also contributes to the development of intestinal dysplasia and the loss of intestinal barrier
function in aging flies. Our findings have important implications for our understanding of
regenerative processes in barrier epithelia.
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RESULTS

Gut-associated hemocytes are required to induce ISC proliferation

In order to test whether intestinal regeneration in flies is influenced by hemocytes, we
expressed pro-apoptotic genes (head involution defective, hid, or reaper, rpr) in developing
hemocytes at mid-larval stages, using Gal4 driven by the HmIA promoter (Supplementary
Fig.1A,B). HmIA is active in larval and adult hemocytes?8 and in motile extra-epithelial
phagocytic cells in the proventriculus and the hindgut2?, but is not expressed in the intestinal
epithelium (Supplementary Fig.1C) or other adult tissues (Supplementary Fig. 1D,E). The
resulting “hemoless’ flies emerge as widely normal adults and are viable and reproductively
competent, but are sensitive to systemic infection2® (Supplementary Fig. 1B,F). At young
ages, the size, structure and cellular composition of the intestinal epithelium of these animals
are indistinguishable from wild-type (Supplementary Fig. 1G,H). However, the mitotic
response of ISCs to acute intestinal damage by oxidative stress (induced by Paraquat) or
infection (by the enteropathogens Ecc1513:15 or Pseudomonas entomophila (PE)1) is
impaired (Fig.1A-C: ISCs are the only dividing cells in the intestinal epithelium,
quantification of phospho-Histone H3 positive cells is thus commonly used to assess ISC
proliferation; the number of Delta+ ISCs remains unchanged; Supplementary Fig.1l). The
same effect is observed when hemocytes are ablated specifically in adults (Supplementary
Fig.2A).

We tested whether hemocytes interact with the intestinal epithelium, and found hemocytes
in the abdominal cavity concentrated in large unstructured aggregates, located within the
folds of the midgut (Fig.1D,E,I). Occasionally, individual hemocytes are also seen attached
to the intestinal epithelium (Fig.1F,G). Gut-associated immune cells express various
hemocyte-specific markers such as eater and Nimrod (NimC1), which identify
plasmatocytes, phagocytic cells with similarity to mammalian monocytes and
macrophages3-31 (Fig.1F). These cells are closely associated with the intestinal basement
membrane (visualized using the BM-specific type IV collagen encoded by Viking1132 : Fig.
1G,H).

Upon oral infection with PE or Ecc15, hemocytes (expressing GFP under the control of the
HmIA33 or DsRed under the control of the Eater promoter30) are increasingly found attached
to the visceral muscle surrounding the intestinal epithelium throughout the midgut (Fig.2A-
D, Supplementary Fig.2B,C, Supplementary Fig.8A, also refer to Figs.11,2B and
Supplementary Fig.3G for identification of arbitrarily assigned morphologically
distinguishable midgut regions). Infection also leads to a significant increase in the size of
hemocyte clumps located in folds of the middle and posterior midgut (Fig.2A,B and
Supplementary Fig.2B). This increased association of hemocytes with the gut is transient, as
24 hours after an infection the number of hemocytes attached to the intestine declines (Fig.
2E). We used Mosaic Analysis with a Repressible Cell Marker (MARCM?34) to test whether
the increased numbers of gut-associated hemocytes result from a proliferative response of
hemocytes, but did not find any eater::DsRed+ hemocytes that expressed GFP (as would be
expected if mitotic hemocytes or precursors would generate MARCM clones) in any tissue
during or after Ecc15 challenge (Supplementary Fig.2E,F). Instead, single hemocytes
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isolated from hemolymph of Ecc15 challenged flies were bigger in size and more oval in
shape than hemocytes from controls, suggesting that circulating hemocytes are activated and
change their morphology during intestinal stress (Supplementary Fig.2D).

Hemocyte-derived Dpp is required for ISC proliferative response

Since these data suggested that local or paracrine signals from hemocytes might modulate
ISC function, we performed an RNAI screen targeting putative secreted factors in
hemocytes, and identified Decapentaplegic (Dpp) as required in hemocytes to induce ISC
proliferation upon oxidative stress (Fig.3A and Supplementary Fig.3A) and pathogen
exposure (Fig.3B,C). Knockdown of Dpp in adult hemocytes only (using either a
temperature sensitive combination of HmIA::Gal4 with tub::Gal80%, or an RU486-inducible
system based on the same promoter, HmIA::GS) was sufficient to limit ISC responses (Fig.
3A-C and Supplementary Fig.3B). HmIA::GS recapitulates the expression profile of
HmIA::Gal4 in larvae and adults (Supplementary Fig.3F). Knockdown of Dpp was also
sufficient to inhibit ISC responses to Ecc15 infection when driven by a separate hemocyte
driver, He::Gal435, but not when driven by either a hindgut driver (byn::Gal4) or a
proventriculus driver (cardia::Gal4), confirming that the loss of ISC proliferation in
Hml::Gal4, UAS::DppRNAI flies is due to knockdown of Dpp specifically in hemocytes and
not due to unspecific knockdown in intestinal cells (Supplementary Fig.3C). Accordingly,
knockdown of Dpp in ECs (NP1::Gal4), ISCs and EBs (esg::Gal4), trachea (btl::Gal4), or
visceral muscle (how::Gal4) did not impact ISC responses to Paraquat (Supplementary Fig.
3D). The two DppRNA lines used in these analyses efficiently reduce Dpp mRNA levels in
hemocytes or visceral muscle when knocked down using HmIA::Gal4 or how::Gal4,
respectively (Supplementary Fig.3E).

We did not observe any differences in number and distribution of Dpp-deficient hemocytes
compared to wild-type flies (Supplementary Fig. 3G). Furthermore, Hemocyte-derived Dpp
Deficient (HDD) flies are immune-competent to systemic PE infection and recruitment of
hemocytes to the intestinal epithelium was still observed in HDD flies (Supplementary Fig.
1F and Supplementary Fig.3H).

Dpp is expressed in hemocytes of adult flies, is induced in response to infection, and can
modulate the innate immune response3®. Recapitulating these observations, we found that
Paraquat exposure or Ecc15 infection induced Dpp in hemocytes (Supplementary Fig.31,J).
To assess if hemocyte-derived Dpp signals directly to ISCs, we monitored a Dpp-GFP
fusion protein3’ expressed specifically in hemocytes (using HmIA::GS and HmIA::Gal4).
Dpp-GFP secreted by gut-associated hemocytes is detected on the intestinal surface (Fig.
3D). Dpp-GFP (but not GFP when expressed alone from HmIA::Gal4) was also detected
within the gut epithelium on diploid progenitor cell nests (basally located cells with strong
Armadillo expression, representing doublets of ISCs and EBs) (Fig.3E). Following Ecc15
challenge, accumulation of hemocyte-secreted Dpp-GFP was observed at the basement
membrane, specifically close to Delta+ cells in the intestinal epithelium, suggesting that
hemocyte-secreted Dpp can penetrate the visceral muscle layer to bind to 1ISCs (Fig.3F and
Supplementary Fig.3K).
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Hemocyte-derived Dpp maintains basal stem cell activity

We asked whether Dpp from hemocytes might not only influence acute infection responses,
but also modulate basal ISC activity. We used a split-lacZ reconstitution assay to label
selected ISCs heritably38, and found that hemocyte-derived Dpp is required for induction
(clone numbers per gut) and growth (cells per clone) of ISC-derived cell clones (Fig.3G,H,J
and Supplementary Fig.3L). We did not observe signs of apoptosis (using Apoliner39) in
flies that co-express DppRNAI directly under the control of the hmlIA promoter
(hmlA::DppRNAY  confirming that the reduced clone size in HDD flies is due to decreased
ISC proliferation (Supplementary Fig.3M).

Hemocyte transplantation rescues ISC proliferation in hemoless and HDD flies

When wild-type or Dpp over-expressing hemocytes were transplanted into hemoless flies at
12 days of age, the proliferative response of ISCs to Paraquat treatment and Ecc15 infection,
as well as clone growth recovered (Fig.31,J; we used 12 day-old flies as donors, as we found
that a substantial number of hemocytes could only be transferred when donor flies were
older than 3 days, Supplementary Fig.3N; transplanted hemocytes associated with the
intestine, Supplementary Fig.30). Reduced ISC proliferation in hemoless or HDD flies is
thus not caused by unspecific or unidentified defects, but by the lack of hemocyte-derived
factors. Accordingly, transplantation of Dpp-deficient hemocytes (from donors expressing
DppRNAT under the control of HmIA::Gal4) failed to rescue I1SC proliferation in hemoless
flies (Fig.31,J).

Hemocyte-derived Dpp acts in parallel to Jak/Stat and EGFR pathways

The positive role of hemocyte-derived Dpp in regulating ISC proliferation is in contrast to
the established inhibition of I1SC proliferation by Tkv and Mad2%:22, To explain this paradox,
we sought to temporally resolve the response of ISCs to Dpp signaling. ISCs respond to
Eccl5 infection by an early burst of proliferative activity (“induction phase’: 4 to 12 hours
post-infection) followed by a return to quiescence when the infection is resolved (‘recovery
phase’: 16 to 24 hours post-infection)!3 (Fig.4A). Hemoless and HDD flies showed a
significantly reduced proliferative response in the inductive phase (Fig.4A).

The activation of JAK/Stat and EGFR pathways in guts of infected hemoless and HDD flies
is normal (Supplementary Fig.4A-C), suggesting that Dpp from hemocytes is required for
ISC proliferation in parallel to the JAK/Stat/EGFR signal. Accordingly, knockdown of
hemocyte-derived Dpp also limits the induction of ISC proliferation by Upd2 over-
expression in ECs (Supplementary Fig.4D), while acute over-expression of Dpp in
hemocytes or in visceral muscle is not sufficient to induce ISC proliferation in the absence
of injury (Supplementary Fig.4E), nor shows an additive effect on ISC activity upon tissue
damage (Fig. 3A,C). Long-term Dpp over-expression in hemocytes, however, increases
proliferation of ISCs both in the anterior and posterior midgut (Supplementary Fig.4F). ISCs
thus integrate signals from hemocyte-derived Dpp and EC/muscle-derived Upd/Vein
ligands, and require inputs from all three pathways to achieve appropriate proliferative
responses to damage. No differences in feeding were observed between wild-type, hemoless
and HDD flies, with or without infection (Supplementary Fig.4G,H).
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Activation of Dpp signaling in ISCs during inductive phase

To assess if hemocyte-derived Dpp would influence Dpp signaling directly in ISCs, we used
the Dpp pathway activity reporter dad::nGFP40. Under basal conditions, this reporter
describes two opposing Dpp signaling gradients in the posterior midgut!8, with high activity
in the distal borders to the gastric region and the hindgut (regions b and d in Fig.4B), and
weak reporter activity in the central region ‘c’ (Fig.4B)!8. Although hemocyte-derived Dpp
induces ISC proliferation throughout the anterior and posterior midgut (Supplementary Fig.
4F and Supplementary Fig.5A), we focused our further observations on region ‘¢’ of the
posterior midgut because of the high concentration of hemocytes present (Fig.1D,E,H,l and
Fig.2B,D) and the low levels of basal dad::nGFP in this region (Fig. 4B). During the
inductive phase after challenge with Ecc15, dad::nGFP activity increases in region ‘¢’ (in
both diploid and polyploid cells, including Delta-positive 1ISCs) in wild-type flies as early as
4 hours after challenge (AC) (Fig.4C-E). This induction was absent in hemoless and HDD
flies, and could be restored by hemolymph transfer from wild-type animals (Fig.4C-E).
Later induction of Dpp signaling activity in this region (12-16 hours AC), however, was not
affected (Fig.4C), suggesting that secretion of Dpp from the visceral muscle, which is
observed at 24 hours after challengeZ (Supplementary Fig.5B), is not influenced by
hemocytes.

Nuclear translocation of Smox requires hemocyte-derived Dpp

Dpp signals through Thickveins (Tkv) to phosphorylate Mad*!. Unexpectedly, Mad
phosphorylation (pMad) was not observed in ISCs in region ‘¢’ of wild-type flies at 4 hours
AC (Supplementary Fig.5C), a stage where ISCs are mitotically active (Fig.4A), but was
high in ISCs at 16 hours AC, ruling out a role of Mad activity in the induction of
proliferation, and suggesting that phosphorylation of Mad might be limited to the recovery
period to promote return of 1ISCs to a quiescent state (consistent with20). We therefore tested
whether another Mad-like nuclear factor, Smox (also called dSmad2)*2, may act to regulate
the proliferative response of ISCs. A genomic rescue construct encoding a Smox-FLAG
fusion protein®® shows high expression specifically in ISCs and EBs of the PM (Fig.5A).
Smox-FLAG is localized in the cytoplasm of these cells under homeostatic conditions, yet
after 4 hours of Ecc15 infection, nuclear translocation of Smox is observed, and this
translocation is dependent on hemocyte-derived Dpp (Fig.5A,B). Consistent with these
observations, knockdown of Smox in ISCs prevents induction of dad::nGFP specifically in
Delta+ ISCs, but not in other cells, in region ‘c’ of the PM at 4 hours after Ecc15 challenge,
indicating that dad is a transcriptional target of Smox in ISCs (Supplementary Fig.5E).

Regulation of Smox activity by hemocyte-derived Dpp in ISCs thus precedes the increase in
Mad phosphorylation during an infection, suggesting that Smox may mediate the pro-
proliferative effects of hemocyte-derived Dpp. dActivin and Dawdle, TGFB/Bmp family
ligands that have been implicated in Smox regulation in other contexts?44°, are not likely to
be required for Smox activation in ISCs, since ubiquitous knockdown of these ligands does
not inhibit infection-induced proliferation (Supplementary Fig.5D).
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Tkv/Mad signaling antagonizes ISC activity induced upon Sax/Smox pathway stimulation

To gain insight into the selective activation of Smox and Mad by Dpp after an infection, we
explored the role of individual Type I receptors. Smox is engaged by the Type | receptor
Saxophone, and we found indeed that Sax is required for Smox nuclear translocation after
Ecc15 treatment (Fig.5A, B). Sax can be activated both by Dpp*® and Glass Bottom Boat
(Gbb)*’. Consistent with recent reports, we detected a strong reduction in mitotic activity of
ISCs at the ‘inductive’ phase of Ecc15 infection when Gbb was knocked down specifically
in ECs, but not in hemocytes, suggesting that both Dpp and Gbb are required for ISC
proliferation. However, the functional source for these ligands is different: hemocytes for
Dpp and ECs for Gbb21:22 (Supplementary Fig.6A).

Upon binding to Dpp, Sax plays a complex role in regulating Mad activity in conjunction
with Tkv#6. To dissect the relative contributions of Sax/Smox and Tkv/Mad signaling in the
control of ISC proliferation, we knocked down Sax and Smox, as well as Tkv and Mad,
specifically in ISCs, and triggered regeneration by exposure to bacteria. Sax/Smox
knockdown prevented induction of proliferation, while Tkv/Mad knockdown did not impact
the inductive phase, but prevented recovery into quiescence (Fig.5C). These pathways do
not seem to crosstalk in ISCs, as Tkv is required and sufficient to phosphorylate Mad in
ISCs, while Sax is not (Supplementary Fig.6B,C).

These results provided a model for the dual role of Dpp in the regenerative response: initial
engagement of Sax/Smox signaling by hemocyte-derived Dpp results in induction of ISC
proliferation, while activation of Tkv/Mad signaling by muscle-derived Dpp (which is
induced at later stages) directs recovery to the quiescent state (as previously described in29).
To test this model, we performed lineage tracing and epistasis analysis. We used MARCM34
to trace lineages of 1SCs mutant for various Dpp signaling components: Sax and Smox
mutant ISCs generated smaller MARCM clones than wild-type controls (Fig.5D and
Supplementary Fig. 6D), confirming that the basal activity of Sax/Smox signaling is
required for normal ISC proliferation. Accordingly, loss of Smox in ISCs suppressed the
growth of ISC tumors formed in Notch loss-of-function conditions’:8 (Supplementary Fig.
6E). Tkv, Medea (Med, the Drosophila Smad4) and Mad mutant MARCM clones, on the
other hand, either grew bigger or were similar to wild-type controls depending on the alleles
tested (Fig.5D and Supplementary Fig. S6D). Upon Ecc15 infection, however, Tkv and Mad
mutant ISCs consistently generated bigger clones than wild-type controls (Fig.5E,
Supplementary Fig.6D), as observed in previous reports showing that Tkv/Mad signaling
limits 1SC activity following injury20. Loss of Sax or Smox suppressed ISC over-
proliferation in Tkv or Mad mutant clones (Fig.5E, Supplementary Fig.6D), further
supporting the notion that Sax/Smox signaling is an early event required to induce 1ISC
proliferation, while Tkv/Mad signaling is a late event, required to ensure recovery to stem
cell quiescence once the tissue has been repaired.

We further found that the induction of ISC proliferation by constitutively active EGFR or
Hop (Hop ™MLy s significantly reduced upon Smox knockdown (Supplementary Fig.6F).
We did not observe enhanced hemocyte recruitment upon constitutive expression of active
EGFR in ISCs (Supplementary Fig.6G).
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ISC response to Dpp is determined by the relative expression of Sax and Tkv receptors

The results described above are consistent with recent observations linking Sax to ISC
proliferation, and Tkv to quiescence20-22, and suggest a model in which the temporal
separation of Sax and Tkv-mediated signaling events dynamically controls ISC proliferation
during a regenerative episode. To address how the same Dpp ligand could activate two
different signaling pathways eliciting opposite proliferative responses within the same stem
cells, we assessed the expression of Sax and Tkv in ISCs. We reasoned that the relative
expression of these two Type | receptors in ISCs in the inductive and recovery phases might
influence the response of ISCs to Dpp. Indeed, Sax, but not Tkv, protein was detected in
ISCs under homeostatic conditions (Fig.6A and Supplementary Fig.7A,B). During Ecc15
infection, on the other hand, Sax expression did not change in ISCs, while Tkv expression
was low during the inductive phase, but was induced in ISCs at later stages of the
regenerative response (Fig.6B). Smox is mostly nuclear during the inductive phase, but
translocates to the cytoplasm in the recovery phase, while Tkv induction coincides with Mad
phosphorylation at the later stage (Fig.6C and Supplementary Fig.5C). Sax knockdown in
ISCs does not prevent the induction of Tkv expression, indicating that Dpp/Sax/Smox
signaling is not involved in Tkv regulation (Supplementary Fig.7C).

When wild-type Tkv was over-expressed in ISCs 6 hours prior to the bacterial challenge, the
induction of ISC proliferation was significantly reduced (Fig.6D), supporting the notion that
the induction of Tkv expression in the recovery phase switches the ISC response to Dpp
from inducing proliferation to reestablishing quiescence.

Hemocyte / ISC interactions in infection tolerance and epithelial homeostasis

To test the physiological consequences of the identified hemocyte / ISC interaction, we
assessed host survival in animals orally infected with Pseudomonas entomophila (PE)10, an
enteropathogen that induces tissue damage and strongly activates JAK/Stat signaling (Fig.
7B). Flies lacking tissue regeneration rapidly succumbed to PE infection (Fig.7A),
indicating that hemocyte-mediated tissue regeneration contributes to host survival.

In aging flies, ISCs over-proliferate, causing intestinal dysplasia and contributing to the age-
related increase in mortality®4849 The number of hemocytes attached to the gut in the
absence of infection is higher in old than in young flies (Supplementary Fig.8A), and
hemocyte-derived Dpp promotes higher dad::nGFP expression in region ‘c’ of the PM in
aging animals (Fig.7C, Supplementary Fig. 8B). Accordingly, an age-related increase in
Smox nuclear localization, which correlates with increased I1SC proliferation and dysplasia,
is significantly reduced in HDD flies (Fig.7D,E and Supplementary Figs.1H and 8C,D).
These flies have significantly reduced intestinal dysplasia and improved barrier function at
40 days of age (Fig.7F and Supplementary Fig.8D), while over-expression of Tkv in ISCs
also reduces the age-related increase in ISC proliferation (Supplementary Fig.8E). The loss
of barrier function has been associated with age-related morbidity and mortality®?, yet we
did not observe a change in lifespan of HDD flies as compared to wild-type controls
(Supplementary Fig.8E). Hemoless flies are significantly short lived, likely due to the lack
of the cellular immune response (Supplementary Fig.8E).
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DISCUSSION

Our results extend the current model for the control of epithelial regeneration in the wake of
acute infections in the Drosophila intestine (Fig. 8). We propose that the control of ISC
proliferation by hemocyte-derived Dpp integrates with the previously described regulation
of ISC proliferation by local signals from the epithelium and the visceral muscle, allowing
precise temporal control of ISC proliferation in response to tissue damage, inflammation and
infection.

The association of hemocytes with the intestine is extensive, and can be dynamically
increased upon infection or damage. In this respect, our observations parallel the invasion of
subepithelial layers of the vertebrate intestine by blood cells that induce proliferative
responses of crypt stem cells during infection?3. A role for macrophages and myeloid cells
in promoting tissue repair and regeneration has been described in adult Salamanders®! and
in mammals?4:25, where TGFp ligands secreted by these immune cells can inhibit 1ISC
proliferation®2:53, but can also contribute to tumor progression®*. Our results provide a
conceptual framework for immune cell / stem cell interactions in these contexts.

Integration of Dpp into the regenerative signaling network in flies

Our observation that Dpp/Sax/Smox signaling is required for Upd-induced proliferation of
ISCs suggests that Sax/Smox signaling cooperates with JAK/Stat and EGFR signaling in the
induction of ISC proliferation. Accordingly, while constitutive activation of EGFR/Ras or
JAK/Stat signaling in 1SCs is sufficient to promote ISC proliferation cell autonomously, we
find that this partially depends on Smox. Even in these gain-of-function conditions, ISC
proliferation can thus only be fully induced in the presence of basal Smox activity. Since
short-term over-expression of Dpp in hemocytes does not induce ISC proliferation, we
further propose that Dpp/Sax/Smox signaling can only activate ISCs when JAK/Stat and/or
EGFR signaling are activated in parallel (Fig.8). However, long-term over-expression of
Dpp in hemocytes results in increased ISC proliferation, suggesting that chronic activation
of immune cells disrupts normal signaling mechanisms and results in ISC activation even in
the absence of tissue damage.

BMP signal transduction in ISCs

BMP/TGF signaling pathways are critical for metazoan growth and development and have
been well characterized in flies. Multiple ligands, receptors and transcription factors with
highly context-dependent interactions and function have been described#6:55-59, This
complexity is reflected by the sometimes conflicting studies exploring Dpp/Tkv/Sax
signaling in the adult intestine!8-21, These studies consistently highlight two important
aspects of BMP signaling in the adult Drosophila gut: 1) ISCs can undergo opposite
proliferative responses to BMP signals, and 2) there are various sources of Dpp that
differentially influence ISC function in specific conditions. By characterizing the temporal
regulation of Bmp signaling activity in 1SCs, our results resolve some of these conflicts: we
propose that early in the regenerative response, hemocyte-derived Dpp triggers ISC
proliferation by activating Sax/Smox signaling, while ISC quiescence is reestablished by
muscle-derived Dpp as soon as Tkv becomes expressed (Fig.7). Of note, some of the
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conflicting conclusions described in the literature may have originated from problems with
the genetic tools used in some studies (see Materials and Methods). In our study, we have
used two independent RNAI lines (BL25782 and BL33618) that effectively decrease Dpp
mRNA levels in hemocytes when expressed using hmlA::Gal4.

The close association of hemocytes with the type IV collagen Viking suggests that the
stimulation of ISC proliferation by hemocyte-derived Dpp may also be controlled at the
level of ligand availability, as suggested previously for Dpp from other sources?1:60,

The regulation of Sax/Smox signaling by Dpp observed here is surprising, but consistent
with earlier reports showing that Sax can respond to Dpp in certain contexts#6:56,
Biochemical studies have suggested that heterotetrameric complexes between the Type Il
receptor Punt and the Type | receptors Sax and Tkv can bind Dpp, while complexes with
Tkv/Tkv homodimers preferentially bind Dpp, and complexes with Sax/Sax homodimers
preferentially bind Gbb®®8. In the absence of Tkv, Sax has been proposed to sequester Gbb,
shaping the Gbb activity gradient, but to fail to signal effectively*®. Expression of Gbb in
the midgut epithelium has recently been described, and ligand heterodimers between Gbb
and Dpp are well established?1:57. Consistent with earlier reports?1:22, we find that Gbb
knockdown in ECs significantly reduces ISC proliferation in response to infection. Complex
interactions between hemocyte-derived Dpp, epithelial Gbb, and ISC-expressed Sax, Punt
and Tkv thus likely shape the response of ISCs to damage, and will be an interesting area of
further study.

Similar complexities exist in the regulation of transcription factors by Sax and Tkv.
Canonically, Smox is regulated by Activin ligands (Activin, Dawdle, Myoglianin and maybe
more), and the Type | receptor Baboon®®. We have tested the role of Activin and Dawdle in
ISC regulation, and, in contrast to Dpp, were unable to detect a requirement for these factors
in the induction of ISC proliferation after Ecc15 infection. Furthermore, our data establish a
requirement for hemocyte-derived Dpp as well as for Sax expression in ISCs in the nuclear
translocation of Smox after a challenge. Our study thus indicates that in this context, Sax
responds to Dpp and regulates Smox. Regulation of Smox by Sax has been described
before®l, yet Sax is also known to promote Mad phosphorylation, but only in the presence of
Tkv*8. Consistent with such observations, we have detected Mad phosphorylation in ISCs
only in the late recovery phase upon bacterial infection, when Tkv is simultaneously induced
in 1ISCs. During this recovery phase, ISCs maintain high Sax expression, but Smox nuclear
localization is not detected anymore, suggesting that Sax cannot activate Smox in the
presence of Tkv, and might actually divert signals towards Mad instead, as previously
suggested6. Our data also suggest that Medea (the Drosophila Smad4 homologue) is not
required for Smox activity. While surprising, this observation is consistent with recent
reports that Smad proteins in mammals can translocate into the nucleus and activate target
genes in a Smad4-independent manner®2. The specific signaling readouts in ISCs when
these cells are exposed to various Bmp ligands and are expressing different combinations of
receptors are thus likely to be complex.
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Hemocyte / ISC interactions, infection tolerance, and aging

Our findings demonstrate that the control of ISC proliferation by hemocyte-derived Dpp is
critical for tolerance against enteropathogens, but contributes to aging-associated epithelial
dysfunction, highlighting the importance of tightly controlled interactions between blood
cells and stem cells in this tissue. Nevertheless, while hemocytes themselves are required for
normal lifespan, loss of hemocyte-derived Dpp does not impact lifespan. One interpretation
of this finding is that beneficial (improved gut homeostasis) and deleterious (for example
reduced immune competence of the gut epithelium) consequences of reduced hemocyte-
derived Dpp cancel each other out over the lifespan of the animal. It will be interesting to
test this hypothesis in future studies.

Aging is associated with systemic inflammation, and a role for immune cells in promoting
inflammation in aging vertebrates has been proposed®3:64. In humans, recruitment of
immune cells to the gut is required for proper stem cell proliferation in response to luminal
microbes23, and prolonged inflammatory bowel disease (IBD) further contributes to cancer
development®. It is thus anticipated that conserved macrophage/stem cell interactions
influence the etiology and progression of such diseases. Our data confirm a role for
hemocytes in age-related intestinal dysplasia in the fly intestine, and provide mechanistic
insight into the causes for this deregulation. It can be anticipated that similar interactions
between macrophages and intestinal stem cells may contribute to the development of IBDs,
intestinal cancers, and general loss of homeostasis in the aging human intestine.

METHODS

Methods and any associated references are available in the online version of the paper.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gut-associated hemocytes arerequired for | SC proliferation
(A-C) Mitotic activity of ISCs (identified by phospho-HistoneH3-positive cells) in intestines

of 3 day-old hemoless flies exposed to Paraquat: PQ (A), Pseudomonas entomophila (B) or
Eccl5 (C) is compared with wild-type controls.

(D,E) Hemocytes associated with the fly gut under normal rearing conditions can be
detected using multiple hemocyte markers: HmlIA::Gal4 driver and NimC1 (D; white
arrows) or eater::DsRed reporter (E; white arrows), while arbitrary midgut regions are
identified morphologically using Phalloidin staining that marks Actin (D,E; also see
Supplementary Fig.2G).

(F) Hemocytes attach fly intestine as single cells or clumps of irregular shape and express all
three hemocyte markers: hml (Hemolectin), eater and NimC1 (Nimrod). Note that hemocyte
reporter nuclear eaterDsRed provides efficient quantification for actual number of
hemocytes per clump.

(G) Single hemocytes or clumps (white arrows) attach midgut at the outer surface of visceral
muscle (marked by Phalloidin staining; yellow arrows); where ¢ and d: posterior midgut
regions c and d.

(H) Type 1V collagen encoded by Viking (detected as a fused protein with GFP) appears
associated with gut-associated hemocytes (arrowheads) at region ¢ of posterior midgut; ‘a’
indicates middle midgut region.
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(1) Cartoon showing morphological features of arbitrarily assigned midgut regions (also see
Supplementary Fig.2G) where hemocytes usually attach the fly intestine under homeostatic
conditions. hml: hemolectin, NimC1: Nimrod, AM: anterior midgut, PM (b-c): posterior
midgut regions b-c, HG: hindgut; while ‘a’ identifies middle midgut containing large Copper
Cells.

Error bars indicate s.e.m. (A-C: n=12 flies from a representative of 3 independent
experiments), p values from Student Ttest. One representative image from 15 flies tested in
a single experiment, which was repeated 3 times, is shown in panels D-H.
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Figure 2. Hemocytes dynamically recruit to the gut during stress
(A) Large hemocyte clumps are observed associated with an un-stretched P. entomophila

infected, but not mock treated, intestines (also see Supplementary Fig. 2G for dve::Gal4
expression pattern in midgut regions). 3D images are generated using Zeiss LSM700
confocal microscope platform (zeiss.com) to show extent of penetration of hemocyte clumps
into midgut folds. AM: anterior midgut, a: middle midgut, and b-d: posterior midgut regions
b-d.

(B) Hemocyte recruitment along anterior-to-posterior (AP) axis in partially stretched guts is
shown after mock treatment or 4 hours of Ecc15 challenge. Note that eaterDsRed+
hemocytes either attach to the external surface of intestine or appear trapped within midgut
folds (see fold between regions a and ¢) or can be occasionally detected penetrating visceral
muscle layer (see a-b junction) in Ecc15-infected flies.

(C-D) EaterDsRed+ hemocytes found in the vicinity of different regions of un-stretched
midguts following oral challenge with PE (C; 2 days after infection) or Ecc15 (D; 4 hours
after infection) are quantified and compared with those under mock treated conditions. Note
that these quantitative studies on region-specific hemocyte recruitment are performed on un-
stretched intestines, as stretching of the gastrointestinal tube along the AP axis results in
dissociation of hemocytes recruited to the midgut folds (also see B).

(E) Quantification of total eaterDsRed+ hemocytes recruited per midgut during the course of
Eccl5 infection episode of 24 hours is shown.

Error bars indicate range (C: n=22 and D: n=15 flies; where boxes show 25-75% percentile
and horizontal bar within each box is population median) or s.e.m. (E: n=15 flies) from a
representative of 3 experiments), p values from Student Ttest. One representative image
from 15 flies tested in a single experiment (replicated 3 times) is shown in panels A and B.
ns=non-significant, *p<0.05, **p<0.01, **p<0.001.
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Figure 3. Hemocye-derived Dpp actson | SCsto promote proliferation
(A-C) ISC proliferation induced by Paraquat (PQ) treatment (A) or bacterial infection (B,C)

is significantly reduced when Dpp is knocked down specifically in adult hemocytes either
using HmIA::Gal4 combined with tub::Gal80% (hmIG4%) (A-C) or Mifepristone (RU486) -
sensitive hml::GS (A) and a DppRNA line (Bloomington Stock # 33618). Acute Dpp
overexpression in hemocytes neither induces ISC proliferation in the absence of stress (A)
nor enhances ISC mitotic activity during tissue damage (A,C). P.e.: P. entomophila.

(D,E) Dpp-GFP fusion protein expressed in adult hemocytes is detected (using anti-GFP
antibody; see methods) on the intestinal surface (D: arrowheads) and on ISC/EB doublets
identified by their basal location and strong Armadillo expression (E: arrowheads).

(F) During Ecc15 challenge, Dpp-GFP fusion protein expressed in hemoyctes can be seen
accumulated at the basal membrane with specific binding to Delta+ ISCs.

(G-J) Lineage tracing from ISCs using FRT recombination of a split Actin-lacZ transgene
shows reduced clone number (G) and clone size (H; quantified in J) in hemoless and HDD
animals. This defect in clone formation and reduced ISC proliferative response observed in
hemoless flies following PQ treatment or Ecc15 infection is rescued upon hemolymph
transfer from wild-type flies (1) or from flies overexpressing Dpp specifically in hemocytes,
but not upon transfer of DppRNAi-expressing hemocytes (1, J), and experimental timeline is
shown in panels I’ and J’. Ahs: after heatshock.
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Error bars indicate s.e.m. (A-C: n=10; G: n=12; | (for PQ treatment): Mock: OreR, n=17;
none(PBS), n=16; and PQ: OreR, n=17; none(PBS), n=36; UAS::DppRNAI n=13;
UAS::Dpp, n=16; | (for Ecc15 treatment): Mock and Ecc15: n=10; J: n=9 flies; sufficient
samples sizes for pH3 analyses in fly gut!113), p values from Student Ttest. Data shown in
panels A-C, G and J are representative of 3 independently performed experiments, while that
shown in panel I is a composite from 2 separate experiments.

One representative image from 9 flies tested in a single experiment (repeated 3 times
independently) is shown in panels D-F and H, .
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Figure 4. Hemocyte-derived Dpp activates BM P signaling specifically within I SCsduring
proliferation

(A) Temporal dynamics of ISC mitotic activity measured as frequency of phospho-histone
H3+ (pH3+) cells per gut are shown upon oral infection with Ecc15, with or without Dpp
knockdown in hemocytes using hmlA::Gal4 or hmlA::GS drivers.

(B) Homeostatic expression of dad::nGFP in posterior midgut regions of wild-type animals
is shown (compare with18).

(C-E) Expression of dad::nGFP is rapidly induced at region ¢ of midgut in wild-type animals
as early as 4 hours post-Ecc15 challenge (C,D) in all epithelial cells including Delta+ 1SCs
(E), which is delayed in HDD and hemoless flies and is rescued by transplantation of
hemolymph from wild-type flies prior to Ecc15 challenge (C-E).

Error bars indicate s.e.m. (A: n=10; D: n=12 flies; while data shown are from one
experiment which was repeated three times), p values from Student Ttest. One
representative image from 7 flies tested in a single experiment is shown in panels B,C and E.
Experiment was repeated 3 times.
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Figure 5. I SC proliferation induced by hemocyte-derived Dpp through Sax/Smox signaling is
antagonized by Tkv/Mad signaling

(A,B) Smox-FLAG is detected in the cytoplasm of Delta+ cells under homeostatic
conditions but is rapidly translocated into the nucleus upon Ecc15 infection as early as 4
hours after challenge (AC). This nuclear translocation of Smox::FLAG is significantly
prevented in HDD flies and in flies where Sax is knocked down specifically in ISCs (A and
B).

(C) I1SC-specific knockdown of Sax or Smox inhibits induction of proliferation while that of
Tkv or Mad prevents restoration of quiescence in the fly intestine orally infected by Ecc15.
(D) Sax or Smox mutant clones grow smaller in size (measured as number of cells per
clone) while Tkv, Med and Mad mutant clones either grow bigger or remain comparable to
wild-type controls under unstressed conditions.

(E) Sax or Smox knock down rescues over-growth of Tkv and Mad mutant MARCM
following Ecc15 infection.

Error bars indicate s.e.m. (B, n=7; C: n=15 flies; and D: (WTFRT40A n=132: tkv04415 n=60;
tkval2 n=25; madl2, n=46; mad'2, n=52, WTFRT82 n=105; med!3, n=33; WTFRTG13
n=97; sax* n=116; WTFRT19A n=46: smoxMB388 n=57): E: (WTFRT40A n=40; saxRNAI,
n=86; smoxRNAI n=55: tky04415 n=28: tky04415 saxRNAI n=64; tkv04415 smoxRNAI n=63:
mad!2, n=90; mad!2,saxRNAI n=47; mad’2,smoxRNAI n=79 mitotic clones tested from 12
flies (sufficient sample size for MARCM analyses in fly gut 11); and each experiment is a
representative of three (for panels B-D) or two (for panel E) independent experiments, p
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values from Student Ttest. One representative image from 10 flies is shown in panels A, and
experiment was repeated 3 times independently.
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Figure 6. Relative expression of Sax and Tkv receptors determine Smox or Mad activation and
proliferative response of ISCs

(A,B) Sax is highly expressed in ISCs under unstressed conditions (A: arrows) as well as all
tested stages of Ecc15 infection (B: arrowheads). Tkv expression remains low in ISCs under
basal conditions (A: arrows) as well as at 4 hours of Ecc15 challenge (B: arrowheads) while
high Tkv expression is detected in ISCs only at 16 hours after Ecc15 challenge (AC) (B:
arrowheads). Panel B’ shows percentage ISCs showing high Tkv expression at 4 and 16
hours of Ecc15 infection.

(C) Nuclear localization of Smox detected in ISCs at 4 hours is lost upon 16 hours of
infection, while phosphorylation of Mad is only detected at 16 hours, but not at 4 hours, of
Eccl5 challenge (arrows).

(D) Overexpression of wild-type Tkv in ISCs significantly inhibits the proliferative response
induced upon Ecc15 challenge.

Error bars in D indicate s.e.m. (data from n=7 flies tested in one experiment, p values from
Student Ttest); while experiment was performed 3 times independently. One representative
images from 7 flies used in each experiment is shown in panels A-C; while every
experiment was reproduced three times independently.
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Figure 7. Hemocyte-derived Dpp promotesresistance to acute infection but leadsto intestinal
dysplasia and increased gut permeability during aging

(A) Hemoless and HDD flies rapidly succumb to acute intestinal damage. Survival rates of
flies were monitored after a prior feeding on PE or Mock for 2 days followed by 2 days
antibiotics treatment.

B) Induction of STAT::GFP reporter expression in the gut of hemoless and HDD flies 2
days post PE infection is similar to wild-type controls.

(C-E) Expression of dad::nGFP both at regions ‘b’ and ‘¢’ of the PM in shown in aging flies
(C) (individual guts were given a score (0-4) for the strength of dad-nGFP gradient at
regions b and ¢ of PM: 0 = no GFP signal; 1 = short gradient at region b; 2 = normal
gradient at region b; 3 = long gradient at region b that penetrates into region c; 4 = high and
evenly expressed GFP signal throughout both regions b and c). D,E). Age-related induction
of dad-nGFP expression correlates with enhanced nuclear translocation of Smox in Delta-
positive ISCs located in the region ‘c’ (D; arrowheads) as well as with the increased ISC
proliferation (E). All of these phenotypes are dependent on hemocyte-derived Dpp (C-E).
(F) HDD flies exhibit improved intestinal epithelial integrity.

p values from log rank test in panel A (calculated using Prism software). Other p values
from Student's t-test. Error bars indicate s.e.m. (A: n=40; C: n=8; D: n=7; E: n=18; F: n=150
flies tested in one experiment; while each experiment was reproduced 3 (in panel E) or two
times (in panels C,D and F)). One representative image from 10 flies is shown in panel B;
and experiment was repeated twice.
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Figure 8. Model

(A) Proposed relationship between Sax/Tkv expression and ISC proliferation during one
regeneration episode.

(B) Model for the dynamic control of ISC activity by hemocyte- and muscle- derived Dpp
during the regenerative response. Under basal conditions, Sax, but not Tkv, is expressed in
ISCs. In response to infection or damage, hemocyte-derived Dpp and EC-derived Gbb signal
through Sax to activate Smox, which requires active Stat and Fos to induce ISC proliferation
(“inductive phase”). Subsequent induction of Tkv expression in ISCs is required for the
‘recovery phase’, where hemocyte- and muscle-derived Dpp and EC-derived Gbb signal
through Tkv and Sax to induce Mad signaling to restore stem cell quiescence.
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