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Abstract 

Innate immune reactions protect organisms against a variety of infections. In
metazoans, these reactions involve both cellular and humoral responses. The 
immune responses have to be well-tuned, as excessive immune activation is 
associated with tissue-specific pathologies. However, the transcriptional reg-
ulatory mechanisms underlying how immune responses are balanced are still 
not well understood. The aim of this study was to investigate the role of the 
Drosophila POU/Oct transcription factor Nubbin (Nub) in regulating Dro-
sophila innate immunity, with a special focus on intestinal immune and epi-
thelium homeostasis.
In Paper I, we show that the nub gene encodes two independent transcription 
factor isoforms, Nub-PB and Nub-PD. The short isoform, Nub-PD, acts as a 
repressor of NF-κB/Relish-dependent antimicrobial peptide (AMP) gene ex-
pression in healthy flies. Furthermore, we demonstrate that Nub-PD directly 
binds to Oct sequence motifs located in the distal promoter region of several 
AMP genes, thereby inhibiting gene transcription. In addition, loss of Nub-
PD diminishes the number of cultivatable gut bacteria, possibly due to high 
expression levels of AMP genes. In Paper II, we show that the large isoform, 
Nub-PB, in a sharp contrast to Nub-PD, activates AMP gene expression, both 
independently of and together with Relish. Importantly, Nub-PB and Nub-PD 
regulated the same target AMP gene expression antagonistically. In addition, 
Nub-PB expression in gut enterocytes (ECs) negatively correlated with gut 
microbial loads and host lifespan. Finally, we found that enforced Nub-PB 
expression in ECs promotes a pro-inflammatory signature and stimulated ep-
ithelium renewal. In Paper III, we show that Nub-PB and Nub-PD are not 
only expressed in differentiated gut ECs, but also present in midgut progenitor 
cells. Depletion of Nub-PB in gut progenitor cells results in hyperproliferation 
of intestinal stem cells (ISCs), via direct or indirect de-repression of Escargot 
expression. Furthermore, enforced Nub-PB expression in ISCs and entero-
blasts (EBs) inhibited Notch RNAi-induced tumor formation. In addition, 
Nub-PD was necessary for both basal and infection-induced ISC proliferation. 
Strikingly, Nub-PB and Nub-PD regulated ISC proliferation in antagonistic 
manners. In Paper IV, we created a Nub-PB-specific mutant and found that 
this mutant impairs normal gut development, giving rise to short and wide 
anterior midguts. Furthermore, loss of Nub-PB promoted rapid ISC prolifera-
tion, increased EC delamination, and increased numbers of enteroendocrine 
cells in the anterior midgut.  



Taken together, we have characterized a novel isoform-specific regulatory
mechanism, involved in maintaining Drosophila intestinal immune homeosta-
sis and epithelial regeneration.   



Sammanfattning 

Det medfödda immunförsvaret skyddar flercelliga organismer mot många 
olika typer av infektioner. Hos flercelliga djur (metazoer) aktiveras både 
cellulära och humorala immunreaktioner vid en infektion. Dessa 
immunreaktioner måste balanseras väl eftersom alltför kraftig aktivering kan 
leda till vävnadsskador, inflammationer och andra patologiska tillstånd. De 
underliggande mekanismerna som balanserar ett immunsvar är dock relativt 
dåligt utredda. Syftet med detta avhandlingsarbete var att klarlägga betydelsen  
av POU/Oct transkriptionsfaktorn Nubbin (Nub) för reglering av medfött 
immunförsvar hos Drosophila, med särskilt fokus på reglering av 
immunreaktioner och vävnadshomeostas i tarmslemhinnan.

I Arbete I, visar vi att nub-genen kodar för två oberoende proteinvarianter, 
Nub-PB och Nub-PD. Den korta isoformen, Nub-PD, fungerar som en 
hämmare av NF-�B/Relish-beroende transkription av generna för 
antimikrobiella peptider (AMP) i friska flugor. Vidare påvisar vi att Nub-PD 
binder till ett DNA-sekvensmotiv av typen Oct, som återfinns i den distala 
promotorregionen i ett flertal AMP-gener, och att Nub-PD därigenom 
blockerar uttrycket av dessa gener. Dessutom leder mutationer och bortfall av 
Nub-PD till en minskning av antalet kultiverbara tarmbakterier, förmodligen 
beroende på de höga uttrycksnivåerna av AMP-generna. I Arbete II, visar vi 
att den stora isoformen, Nub-PB, i motsats till Nub-PD, aktiverar samma 
AMP gener, både oberoende av och tillsammans med Relish. Därmed 
kontrollerar Nub-PB och Nub-PD samma målgener på ett antagonistiskt sätt. 
Dessutom visar vi  att  förekomsten av Nub-PB i tarmslemhinnans enterocyter 
korrelerar negativt med mängden tarmbakterier och med flugornas livslängd. 
Slutligen påvisas att en förhöjd koncentration av Nub-PB i enterocyter leder
till ett pro-inflammatoriskt tillstånd som åtföljs av stimulerad regeneration av 
tarmslemhinnan. I Arbete III visar vi att Nub-PB och Nub-PD inte enbart 
bildas i differentierade enterocyter, utan också förekommer i omogna 
tarmceller. När koncentrationen av Nub-PB minskades i dessa omogna 
celltyper ledde det till kraftigt ökad celldelning hos stamcellerna. Detta kunde 
kopplas till ökad bildning av stamcellsfaktorn Escargot, genom att Nub-PB ej 
längre blockerade esg-genens uttryck, antingen direkt eller indirekt. Dessutom 
påvisades att tumöromvandling av omogna tarmceller, som initierats genom 
RNAi-beroende nedreglering av Notch, helt kunde blockeras genom en 
samtidig ökning av Nub-PB. Till skillnad från Nub-PB som bromsar 



celltillväxt så har Nub-PD rakt motsatt funktion, eftersom Nub-PD befanns 
vara nödvändig för stamcellernas tillväxt, både vid normal regenerering av 
tarmen och vid infektionsberoende återbildning. Därför kan slutsatsen dras att 
Nub-PB och Nub-PD agerar som antagonister i regleringen av 
stamcellstillväxt och stamcellsmognad. I Arbete IV, skapade vi en muterad 
flugstam i vilken en kort kodande sekvens för Nub-PB specifikt deleterats. Vi 
fann att denna mutation förhindrar normal tarmutveckling och leder till att den 
främre delen av mellantarmen blir onormalt kort och bred. Dessutom ökade 
hastigheten både på stamcellernas celldelning och på enterocyternas 
avstötning, och antalet enteroendokrina celler ökade i den främre delen av 
tarmslemhinnan. 
Sammanfattningsvis har vi kartlagt en ny molekylär regleringsmekanism som 
bygger på två antagonistiskt verkande transkriptionsfaktorer, bildade från en 
och samma gen. Tillsammans kontrollerar de balansen/homeostasen både av 
tarmens immunreaktioner och av celldelning/cellmognad vid tarmepitelets 
regenerering hos Drosophila. 
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Abbreviations 

Acj6 Abnormal chemosensory jump 6
AMPCs Adult midgut precursors/progenitor cells
AMPs Antimicrobial peptides
AS-C Achaete-Scute Complex
Ase Asense
BM Basal membrane.
Cact Cactus
Cad Caudal
CDREs Cad-protein recognition elements
Da Daughterless
DAP Diaminopimelic acid
Dfr/vvl         Drifter (Dfr)/ventral veins lacking 
DH             Diuretic hormone 
DI               Delta 
Dif               Dorsal-related immunity factor 
Dome         Domeless 
Doux Dual oxidase
Dpr1            Defense repressor1 
DSS             Dextran sulfate sodium 
E(spI)     Enhancer of split 
EBs        Enteroblasts
E-Cad        E-cadherin 
Ecc15     Erwinia carotovora carotovora 15
ECs         Enterocytes
EEs         Enteroendocrine cells
EGFR      Epidermal growth factor receptor 
EMC           Entroendorine mother cell 
Esg         Escargot 
FADD       Fas-associated death domain protein 
GMCs       Ganglion mother cells
Gmd          GDP-mannose 4,6-dehydratase 
GNBPs      Gram-negative binding proteins
Hh              Hedgehog 
Hop            Hopscotch 
Hpo            Hippo  
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HTH          Helix-turn-Helix 
Ilp3  Insulin peptide 3 
Imd            Immune deficiency 
InR            Insulin receptor 
ISCs          Intestinal stem cells
JAK/STAT         Janus kinase/signal transducers and activators 

of transcription
JNK                   Jun N-terminal kinase 
MAP         Mitogen-activated protein  
Msn         Misshapen 
MyoIA    Myosin-IA 
NADPH Nicotinamide adenine dinucleotide phosphate 
NBs         Neuroblasts 
Neur        Neuralized
NF-κB Nuclear factor kappa-B
Oct            Oct binding protein 
Os             Outstretched 
PC            Peripheral cell 
Pdm         POU domain protein
Pe            Pseudomonas entomophila
PGNs      Peptidoglycans 
PGRPs     Peptidoglycan recognition proteins 
Pirk          Poor imd response upon knock-in 
Pit-1 Pituitary-specific transcription factor 1 
PM           Peritrophic matrix 
Po           Phenoloxidase
POUH      POU homeodomain 
POUS       POU-specific domain 
Pre-EE     Pre-enterocrine 
Pro-PO     Pro-phenoloxidase 
Pros          Prospero 
PRRs        Pattern Recognition Receptors 
Rbo2       Roundabout 2 
ROS       Reactive oxygen spices 
Sc           Scute
Ser         Serrate
Sm          Serratia marcescens 
Sna         Snail 
Spdo       Sanpodo 
Spz          Spätzle 
Su(H)      Suppressor of Hairless 
TAK1       Tranforming growth fatcor activated kinase 

1
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TK          Tachykinin 
Upd          Upaired 
VM          Viceral muscle
Vn Vein 
Wg         Wingless 
Yki         Yorkie 
Zfh1 Zn finger homeodomain transcription factor 1 



4 



5 

Introduction 

The Drosophila midgut 
The Drosophila adult digestive tract consists of different structural and func-
tional compartments similar to the mammalian digestive system, where the 
nutrients are digested, absorbed [1-3]. The Drosophila digestive tract is com-
partmentalized into three major regions termed foregut, midgut and hindgut, 
according to their different developmental origins [4, 5]. The foregut and hind-
gut epithelium are derived from ectoderm and is covered with an impermeable 
cuticle. The midgut epithelium originates from endoderm and is lined with a 
semipermeable peritrophic matrix (PM), which stands as the first physical 
barrier for preventing harmful particles/molecules to come in direct contact 
with the epithelial cells [6]. The midgut is composed of a tubular and 
monolayered epithelium, which is surrounded by visceral muscles and 
trachea. 

There are two major differentiated cell types in the adult midgut epithelium 
called enterocytes (ECs) and enteroendocrine cells (EEs). The ECs are 
localized apically along the midgut epithelium and play a major role in 
nutrient absorption. The EEs are interspersed between ECs and display 
secretory properties. Both ECs and EEs are differentiated from the multipotent 
intestinal stem cells (ISCs), which are non-homogeneously distributed along 
the basal side of the midgut epithelium [7, 8]. In addition, enteroblasts (EBs) 
have been identified as the intermediate cell type in the lineage from ISCs to
ECs. Thus, the EBs are considered to be pre-ECs that exit the cell cycle after 
ISC asymmetric division and subsequently undergoes a few rounds of 
endoreplication to finally become mature ployploid ECs [7, 8]. The EEs are 
specifically differentiated from ISCs in two alternative ways, either by direct 
generation from ISCs or differentiated from EE precursor cells after ISC 
divisions [9-11] (Figure 1A and 1B). Generally, there are around 800-1000 
ISCs distributed in the posterior midgut epithelium and approximately 70-
90% of the ISCs differentiate asymmetrically to produce ECs and EEs.  About 
10-20% of the ISCs undergo symmetric cell division, which leads to ISC loss 
or duplication [8, 12].

To distinguish all different cell types in the midgut several molecular markers 
have been developed and are frequently being used by researchers in the field. 
The small and diploid ISCs specifically express Delta (DI), a ligand of the 
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Notch signaling pathway [12] and the transmembrane protein Sanpodo (Spdo) 
for Notch signal transduction [13]. The EBs receive a high level of Notch 
signaling and express a Notch transactivation reporter, Suppressor of Hairless
(Su(H))-lacZ [7]. Both ISCs and EBs express the Snail family transcription 
factor Escargot (Esg) [7, 8]. The large and polyploid ECs are often marked by 
antibodies to the POU domain transcription factor Pdm1/Nub [14-17] or the 
brush border protein Myosin-IA (MyoIA) [18]. Finally, the small and diploid 
EEs secrete neuropeptides and express a pan transcription factor Prospero 
(Pros) [8] (Figure 1B).  

Gut compartmentalization  
The entire midgut region has been divided into six major subregions according 
to their different morphological and functional features [19, 20]. These six 
subregions are separated by epithelial boundaries along the midgut, with R1 
and R2 delineating the anterior midgut, R3 is located in the middle of the 
midgut, and R4 and R5 comprise the posterior midgut. The R0 region is a 
narrow region in which the midgut layer is embedded into the cardia 
(proventriculus), an organ that together with the crop functions as a stomach 
in Drosophila (Figure 1C). These subregions co-operate in the processing of 
nutrients, i.e. digestion and absorption, and cells in this region express a vast 
number of digestive enzymes. Macromolecules absorbed from the nutrients 
start to break down and are digested in the R1 and R2 region. The R3 region, 
the so-called copper cell region, corresponds to an acidic region where the 
food is further digested and many metal irons are absorbed. Finally, most of 
the digested nutrients are absorbed in the R4 and R5 region [4, 19, 20].

It has been experimentally demonstrated that the normal gene expression 
patterns along the midgut contributes to the functional compartmentalization 
of the midgut. For instance, downregulation of GATAe gene expression in the 
gut changes ECs morphology in the anterior midgut. Silenced labial gene 
expression causes abnormal organization of the copper cell region. And 
depletion of caudal expression mainly affects posterior midgut regionalizat ion 
[19]. Additionally, the ISCs also exhibit regionalized properties along the 
midgut, as their division frequency is different in distinct regions [20, 21]. The 
ISCs are frequently dividing in the posterior midgut with one division every 
24 h, while  in the anterior midgut the ISCs divide once around every 48 h. 
The ISCs in the middle midgut are the least frequently dividing ones, about 
once per week [20, 22]. Of note, the midgut retains its regionalizat ion 
properties throughout the adult lifespan, with the ability to re-establish gut 
epithelium homeostasis upon tissue damage, ie. infection, stress, and aging. 
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Taken together, the complexity and plasticity of the Drosophila adult midgut 
provides an excellent model for studying the mechanisms underlying the 
maintenance of  gut epithelium renewal and gut immune homeostasis 

Figure 1. Illustration of Drosophila adult midgut epithelium and a model of its 
renewal and compartmentalization. A: Schematic picture of the Drosophila midgut 
epithelium. EC: entrocyte, EB: enteroblast, ISC: intestinal stem cell, EE: 
enteroendocrine cell, BM: basal membrane, VM: viceral muscle. B: Model of ISC 
differentiation lineages in the adult midgut. The adult ISC undergoes asymmetrical 
division giving rise to either one ISC and one EB, or one ISC and one EMC. In the 
ISC/EB branch, the EB (pre-EC) further differentiate into mature EC. In the ISC/EMC 
branch, the Pre-EE further differentiate into mature EE. EMC: entroendcorine mother 
cell. C: Schematic representation of the adult digestive tract. The adult digestive tract 
consists of three parts: foregut, midgut, and hindgut. The midgut is further divided 
into six regions (R0-R5). amg:anterior midgut, pmg: posterior midgut.  

Part I    Gut epithelium regeneration 

The origin of adult ISCs  
Adult ISCs are derived from the adult midgut precursors/progenitor cells 
(AMPCs) that are continuously proliferating throughout the larval 
developmental stages. The AMPCs initiate as a discrete distribution of 
individual islets in the early larval stage (in the 1st instar larva), Then the cell 
numbers expand through symmetric cell divisions (in the 2nd instar larva) and 
finally form a series of clusters in the late larval stage (in the 3rd instar larva). 
Subsequently, these AMPCs fuse together with visceral muscles to form the 
midgut epithelium at the onset of metamorphosis. However, a small group of 
AMPCs migrates to the basal side of the midgut epithelium and remains as 
AMPCs, which in turn function as the adult ISCs after eclosion [23-25].  The 
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dispersal, expansion, and cluster formation of AMPCs during larval stages are 
mainly controlled by the epidermal growth factor receptor (EGFR) signaling 
pathway. Expression of the EGFR ligand Vein (Vn) in the visceral muscles 
stimulates early larval AMPCs proliferation and then two secreted ligands, 
Spitz and Keren, expressed in the AMPCs, collaborate with Vn to activate the 
proliferation of AMPCs in the late larval stages [23]. In addition, ecdysone 
signaling is involved in expanding the AMPCs clusters with a dramatic reduc-
tion of the cluster size upon downregulation of ecdysone receptors in AMPCs 
[25]. Furthermore, the activity of Notch signaling and the expression level of 
Prospero (Pros) determine AMPCs proliferation and differentiation during pu-
pal stages. Only those AMPCs with normal Pros expression and a low level 
of Notch signaling are capable of differentiating into enteroendocrine (EE) 
cells [26]. Thus, it is possible that the adult ISCs have already been established 
in the late larval stage and that these AMPCs retain their own activities during 
metamorphosis and finally become adult ISCs after eclosion. 

Symmetric and asymmetric stem cell division 
The major feature of stem cells is their self-renewal capacity throughout the 
whole lifespan of an organism. Generally, stem cells utilize symmetric 
division to increase the stem cell pool, while asymmetric cell division is used 
for ensuring both self-renewal and for generating cells that can undergo dif-
ferentiation to different cell types. During the larval stages, the extensive sym-
metric division activity of AMPCs is accompanied by asymmetric divisions ,
which produces one peripheral cell (PC) and one newly formed AMPC. PCs 
are usually surrounding the AMPCs clusters to sustain their integrity and in-
hibit the differentiation of AMPCs until the onset of metamorphosis. Further-
more, the Delta(Dl)/Notch signaling pathway has been shown to be involved 
in the specification of PCs and AMPCs. Dl is highly expressed in AMPCs 
while Notch activity is only activated in PCs, and depletion of Notch signaling 
in AMPCs blocks the PC formation [16, 24, 25].

Akin to the larval AMPCs, adult ISCs are also capable of undergoing both 
asymmetric and symmetric division. The ISCs undergo asymmetric division 
to produce one ISC and one enteroblast (EB) or a pre-enteroendocrine (Pre-
EE) cell, without changing the ISC numbers. Symmetric cell division will gen-
erate two identical daughter cells, resulting in either ISC loss or duplication. 
Of note, the differentiation of ECs only occurs in the transient EBs, where 
high activity of Notch signaling promotes EB to EC differentiation. However, 
the EE lineage is uniquely processed in ISCs with low Notch signaling, either 
via direct generation from ISCs, or by both symmetric and asymmetric ISC 
division and further differentiation into EE [9-12].
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How ISCs choose to execute asymmetric or symmetric cell division is still an 
open question. It has been shown that the bidirectional regulation loop 
between the Dl expression level and Notch activity specify the ISC asymmet-
ric division. Dl is expressed in the ISCs and interacts with the Notch receptor 
at the cell surface of nearby EBs.  Upon ISC asymmetric division, one daugh-
ter cell (EB) receives a high level of Dl from the neighboring daughter cell 
and activates Notch signaling for progression of EC differentiation, while an-
other daughter cell (the newly formed ISC) expresses a high level of Dl and 
inactivates Notch signalling, thereby retaining as a ISC [12]. The Dl-Notch 
interaction requires direct and stable contact between two daughter cells. This 
attachment is maintained by the cell adhesion protein E-cadherin (E-Cad). Im-
portantly, the E-Cad mediated cell adhesion is necessary for activation of 
Notch signaling in the ISC/EB pairs. Abrogated E-Cad expression in ISC/EB 
pairs accelerates the separation between ISCs and EBs, leading to less accu-
mulation of Dl in ISCs and in turn, inactivates Notch signaling and further 
destructs the EC differentiation [12, 27]. Furthermore, Numb, a cellular inhib-
itor of the Notch signaling, has been shown to determine stem cell fate after 
cell division. Upon asymmetric ISC division, the daughter cell that do not in-
herit Numb will receive a high level of Notch and undergo EC differentiation, 
while the daughter cell with Numb inheritance will silence Notch activity and 
therefore remain as an ISC. During ISC symmetric division, Numb is equally 
distributed in the two daughter cells, which inhibits Notch activity to maintain 
ISC/EE plasticity [28]. Additionally, the Par protein complex, which interacts 
with the mitotic spindle during cell division to align spindle orientation for 
controlling cell polarity, has been found to determine ISC asymmetric divi-
sion. The Par complex contains three protein factors, Par6, the adaptor protein 
Bazooka (Baz), and the kinase aPKC, all of which are apically localized in the 
ISCs during division. The apical segregation of the Par complex during asym-
metric cell division promotes ISC differentiation and inhibits its self-renewal. 
Downregulation of the expression level of the Par complex in ISCs switches 
its asymmetric division pattern to symmetric division by changing the orien-
tation of the mitotic spindle [29]. Furthermore, the Par complex is also in-
volved in the asymmetric segregation of Pros to the basal side of ISCs, and 
together with Notch signalling to regulate stem cell fate [10]. Thus, it appears 
that both extrinsic and intrinsic signalling are utilized to regulate ISC asym-
metry during mitosis. 

In addition to the abundant asymmetric division, a small fraction of symmetric 
divisions also takes place in the adult midgut [30, 31]. The ISC loss during 
normal cell turn over can be compensated by symmetric cell divisions from 
neighboring ISCs. For instance, a Dl/Notch mediated neutral competition 
mechanism has been proposed during ISC mitosis, ensuring asymmetric and 
symmetric cell division for proper cell fate outcomes. In most of the ISC 
division, the competition occurs in two sibling cells from one ISC, accounting 
for an asymmetric cell fate choice. When the competition takes place in two 



10

non-sibling cells of two nearby ISCs, both asymmetric and symmetric cell fate 
outcomes are raised, retaining a limited cell number and the gut regeneration 
in a homeostatic state [31]. Moreover, alterations of symmetric and 
asymmetric divisions are required for midgut growth in response to nutrients. 
Increased stem cell numbers by symmetric division largely contribute to the 
feeding-induced midgut growth in nonhomeostatic conditions (newly eclosed 
flies), while in the homeostatic midgut (older flies), asymmetric divisions are
predominant to ensure a constant midgut size. Local secretion of Drosophila
insulin peptide 3 (Dilp3) from visceral muscles is required to stimulate ISC 
activity to confer midgut growth in both conditions [30]. In addition, recent 
studies show that the stem cell pool in the midgut is not increased upon partial 
removal of ISCs or even in response to infection [32, 33]. In fact gut 
epithelium homeostasis is maintained by slowing down the EC turn-over rate 
when the midgut faces a low rate of ISC proliferation [33].

There are correlations between adult lifespan and ISC proliferation rate but 
this is still puzzling. Some reports show that depletion of ISC numbers or 
declined ISC proliferation has no effect on normal adult survival [34, 35],
while other studies suggest that flies lacking ISCs or changed ISC 
proliferation rate have decreased lifespan [33, 36]. It appears that some 
additional mechanisms are involved in regulation of longevity under normal 
regenerative condition.  In conclusion, the majority of ISCs in the midgut tend 
to undergo asymmetric divisions and in parallel symmetric divisions can occur 
to mobilize faster ISC proliferation rate and ECs turn-over for the maintenance 
of gut epithelium homeostasis under certain conditions, such as tissue stress 
and infection. 

Regulation of ISC proliferation 
The midgut epithelium is maintained by the balance between ISC 
proliferation, differentiation and EC turn-over. Despite the fluctuating total 
cell numbers in the midgut epithelium during development, normal gut 
architecture and function require proper spatial distribution and organization 
of midgut cells. In general, ECs are aligned together along the midgut 
epithelium to absorb nutrients. The ECs are formed from ISC/EB nests that 
attach both to the basement membrane and to adjacent ECs, and are distributed 
in a basal-to-apical manner [8]. But the ISCs do not physically interract with 
differentiated EEs, even though EEs are generated from ISCs [28] (Figure
1A). 

Disturbances in the organization and cellular arrangements of the midgut 
epithelium will produce signals that lead to changes in ISC activities. For 
instance, attenuated expression of the cellular junction protein E-cad between 
ISCs and EBs after cell division leads to increased ISC proliferation and 
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defects in EC differentiation due to dysregulated Notch activity [27, 37].
Moreover, loss of E-cad in ECs triggered by apoptosis stimulates ISC division 
through the activation of EGFR signaling in progenitor cells [38].
Furthermore, depletion of expression of the tricellular junction protein 
Glitoactin between ECs or adjacent ECs and EEs can accelerate ISC 
proliferation and block differentiation by activation of the Jun N-terminal 
kinase (JNK) signaling pathway in ECs [39].

Several signal transduction pathways and transcription factors are involved in 
the regulation of ISC proliferation. Interestingly, these pathways also regulate 
similar processes in the intestinal epithelium in mammals. In the following 
parts, I will focus on regulation of gut epithelium regeneration by Notch 
signaling and by the Janus kinase/signal transducers and activators of 
transcription (JAK/STAT) signaling pathway.  

The Notch signaling pathway  
The Notch signaling pathway plays a pivotal role in the regulation of ISC 
proliferation. In Drosophlia, the Notch pathway consists of three core 
components: the ligands of Notch, the Notch receptor, and its downstream 
target genes. Two Drosophila genes called Delta (Dl) and Serrate (Ser)
encode the extracellular ligands of Notch [40, 41]. Dl is localized in the 
cytoplasm of signaling cells (the ISCs in the midgut) and subsequently binds 
to the Notch receptor in the receiving cells (the EBs in the midgut) [12]. Notch 
is a transmembrane receptor consisting of extracellular and intracellular parts. 
The extracellular part of Notch interacts with Dl for signaling activation, 
which results in the cleavage of Notch [40-42]. Then, the cleaved intracellu lar 
part of Notch interacts with a DNA binding protein called Suppressor of 
Hairless (Su(H)) in the nucleus to promote expression of many target genes, 
for example the enhancer of split (E(spl)) class of target genes [40, 43-46] 
(Figure 2). The activity of Notch activation can be measured by a fly reporter 
line termed Su(H)GBE, in which three copies of binding sites for the 
transcription factor Grainyhead (Grh) and two copies of binding sites for 
Su(H) is incorporated. In Notch-activated cells, Su(H) functions as an 
activator and cooperates with Grh to produce a high level of reporter gene 
expression, while in Notch-inactivated cells, Su(H) functions as a repressor 
and prevents Grh-mediated activation of reporter expression [47].

All these components of the Notch pathway are expressed in midgut cells and 
are involved in regulating ISC proliferation.  Dl is uniquely expressed in ISCs 
and membrane localization of Dl is required for Notch activation in 
neighboring EBs. Loss of Dl in ISCs leads to formation of ISC/EE tumors due 
to overproliferation. Mutations in the other Notch ligand, Ser, maintain normal 
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ISC activities highlighting the specificity of Dl-Notch interaction for gut 
epithelium renewal. Notch protein is expressed in ISCs, EBs, and in a few 
newly formed ECs, but the Notch pathway is only activated in EBs. Notch 
functions as an anti-proliferative factor in adult midgut as loss of Notch leads 
to ISC/EE tumor formation. In addition, lack of Su(H) in the midgut imitates 
Notch mutant phenotypes, giving rise to tumor formation [7, 8, 12, 15].
However, the downstream E(spl) target genes are likely activated in cohort 
rather than by individual ones to affect ISC proliferation. Collectively, loss of 
some individual E(spl) genes like E(spl)mbeta and E(spl)malpha are 
dispensable for ISC maintenance, while depletion of all E(spl) genes from an 
E(spl)-C mutant results in accumulated ISC proliferation [45, 48].
Furthermore, mutation of E(spl)-C genes does not phenocopy the loss of 
Notch function in the gut, suggesting that loss of E(spl) may not entirely 
abrogate Notch downstream activity.   

Several additional regulators of Notch activity also play important roles in 
controling ISC proliferation. For example, GDP-mannose 4,6-dehydratase 
(Gmd) is required for the biosynthesis of GDP-fucos that is used for O-
fucosyltransferase-dependent modification of Notch. Loss of Gmd increases 
the ISC renewal capacity, giving rise to extra ISCs but does not change the 
number of terminally differentiated cells [13]. A negative regulator of the 
Notch signaling pathway, Hairless (H), is expressed in both ISCs and EBs and 
retains ISC renewal capacity by interacting with Su(H). H sustains ISC 
characteristics with Su(H) through direct repression of the Notch downstream 
E(spl) genes [45]. Neuralized (Neur) is required for the stabilization and 
activation of the Dl ligand on the surface of the signaling cells. Mutations in 
the neur gene phenocopies the loss of Dl-mediated ISC hyperproliferation 
phenotypes [12]. Recently, a bidirectional role of Notch signaling in
regulation of ISC multipotency has been proposed. Upon ISC asymmetric 
division, either the basally localized ISC expresses Dl and swithches on high 
Notch signaling in the apically localized EB to promote EC differentiation. Or 
the basally localized pre-EE cell expresses Dl and  signals a low level of Notch 
signaling to  apically localized  ISCs for maintenance of ISC identity [10].
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Figure 2. Model of Drosophila Notch signaling pathway activation in the adult 
midgut 

In addition to these components and regulators, the crosstalk between Notch 
pathway and other signaling pathways is also involved in the control of ISC 
proliferation. It has been shown that Notch restrains JAK/STAT activity to 
block ISC proliferation via suppression of the transcription of unpaired1
(upd1), a ligand of the JAK/STAT signaling pathway [49]. Moreover, Notch 
acts downstream of the Wingless/Wnt (Wg/Wnt) signaling pathway to 
regulate ISC proliferation, as the ISCs in the double mutant of Wg/Wnt and 
Notch behaves like a single Notch mutant [14, 50].  Finally, Notch signaling 
is coordinated with EGFR signaling to promote ISC tumor growth in the 
midgut. Initiation of ISC tumors requires a low level of Notch activity and the 
subsequent tumor growth or expansion requires autocrine EGFR signaling 
[51].

The JAK/STAT signaling pathway  
Besides the pivotal Notch pathway, the JAK/STAT signaling pathway also 
plays a key role in regulating ISC prolifertion. Three genes have been 
identified to encode specific ligands of the JAK/STAT pathway, called 
outstretched (os)/upd1 [52], upd2 [53], and upd3 [54]. The encoded proteins 
Upd1 and Upd3 are secreted into the extracellular matrix but Upd2 is not 
associated with extracellular matix. The three Upd ligands activate the 
strength and duration of JAK/STAT pathway with different abilities. Upd1 
has relatively higher capacity than Upd2 and Upd3 to activate the pathway 
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[53, 55]. There is only one transmembrane receptor of the Drosophila 
JAK/STAT pathway, called Domeless (Dome), which contains both 
extracellular and intracellular parts. The extracellular part of Dome contains 
“cytokine binding modules” for ligand binding and signal transduction. The 
intracellular part of Dome associates with a JAK family tyrosine kinase, 
termed Hopscotch (Hop), which forms a non-activated complex in the absence 
of ligand binding [56, 57]. Upon binding of Upd proteins to the extracellu lar 
part of Dome, the Hop/Dome complex becomes active and then recruits and 
phosphorylates the cytosolic Stat transcription factor Stat92E. Subsequently, 
phosphorylated Stat92E dimerizes and translocates into the nucleus to initiate 
downstream target gene expression [58, 59] (Figure 3).  A few STAT92E 
reporter lines have been constructed to probe JAK/STAT activity in vivo. The 
10xStat92E-GFP reporter line incorporates ten copies of STAT binding sites 
from the downstream target gene Socs36E, followed by sequences encoding a
stable form of GFP. This reporter is sensitive to JAK/STAT signaling and 
thereby mimics such activities [60].

These components of the JAK/STAT pathway are expressed in midgut cells 
and confer ISC proliferation. Upd1 is expressed in progenitor cells 
(ISCs+EBs) and decreased levels of Upd1 results in compromised ISC 
proliferation [15, 49, 61]. Upd2 is weakly expressed both in progenitor cells 
and ECs, and the basal expression level of Upd3 is low in ECs along the 
midgut [15, 61]. Both Upd2 and Upd3 are required for the increased ISC 
proliferation triggered by aging [61]. However, simultaneous mutation of all 
three Upd ligands has no obvious effect on the basal ISC proliferation, raising 
the possibility that the JAK/STAT ligands are not required for ISC 
proliferation in basal conditions [62]. The Dome/Hop receptor complex and 
downstream transcription factor Stat92E are also expressed in progenitor cells 
and required for basal ISC proliferation. Flies mutant for either of Dome, Hop, 
or Stat92E reduces ISC proliferation with a rapid ISC loss phenotype [15, 62,
63].

Apart from these components, the JAK/STAT pathway acts together with 
other signaling pathways to regulate ISC proliferation. For example, the 
JAK/STAT works in parallel with Wg pathway to regulate ISC proliferation, 
as flies with mutations in both JAK/STAT and Wg have more severe ISC loss 
than that of single mutants [62]. In addition, the JAK/STAT pathway functions 
upstream of the Notch pathway to stimulate ISC proliferation, and 
overactivation of JAK/STAT-induced ISC proliferation requires autocrine 
EGFR signaling in progenitor cells [63-66]. 
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Figure 3. Model of Drosophila JAK/STAT signaling pathway activation in the 
adult midgut 

Other signaling pathways controlling ISC proliferation 
Additionally, the Wg/Wnt, EGFR, insulin receptor (InR), and Hippo (Hpo) 
signaling pathways also take part in the regulation of ISC proliferation. For 
instance, wingless (Wg), the ligand of the Wnt pathway is highly expressed in 
part of the midgut circular (visceral) muscles. Secreted Wg can migrate to the 
ISCs to trigger ISC proliferation via activation of downstream components of 
the Wg/Wnt pathway in the ISCs [50]. Inactivation of Wg/Wnt signaling 
reduces ISC proliferation. In contrast, overactivation of the Wg/Wnt pathway 
by Wg overexpression promotes rapid ISC proliferation [14, 50]. Thus, the 
Wg/Wnt pathway is necessary and sufficient for ISC proliferation.  Autocrine 
and paracrine EGFR signaling is also involved in regulating ISC proliferation. 
Experimental blockage of EGFR signaling in progenitor cells reduces 
infection- and age-induced ISC proliferation, while it has a moderate effect on 
ISC proliferation in basal conditions. Conversely, overactivation of the EGFR 
pathway by overexpression of either of the two ligands Spitz and Keren in 
progenitor cells or ECs, or of the ligand Vein in visceral muscles, is sufficient 
to promote rapid ISC proliferation without any other stimulation [65-67].
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Insulin-like peptide 3 derived from the midgut visceral muscles promotes 
midgut growth when nutrients are abundant, by activation of symmetric ISC 
division [30].  Low insulin signaling, caused by poor nutrient states, leads to 
reduced ISC proliferation. Similarly, ISC proliferation is reduced non-cell-
autonomously due to prolonged direct contact between ISCs and EBs in the 
InR null  mutant [37]. Finally, the Hpo pathway restricts ISC proliferation in 
the adult midgut by repression of downstream Yorkie (Yki) activity either in 
progenitor cells or ECs.  Loss of Hpo signaling in progenitor cells triggers a 
high level of downstream Yki activity which in turn, promotes rapid ISC 
proliferation. In addition,  depletion of Hpo signaling pathway in ECs 
increases the Yki activity, which further activates downstream JAK/STAT or 
EGFR signaling to trigger ISC proliferation [68, 69]. Moreover, the protein 
kinase Misshapen (Msn) has been found to act as an upstream inhibitor of the 
Hippo/Yki signaling pathway in EBs to repress ISC proliferation. Depletion 
of Msn in EBs induces downstream Yki activity and Upd3 expression, causing 
a hyperplasia phenotype [70]. 

Transcription factors regulating ISC proliferation  
In addition to the canonical signaling pathways and their downstream 
transcriptional regulators, additional transcription factors have been shown to
participate in controlling ISC proliferation. The Snail family transcription 
factor Escargot (Esg) is a well-characterized stemness factor in the adult 
midgut. Loss of Esg promotes rapid differentiation of stem cells as well as 
reduction of stem cell numbers. In contrast, enforced Esg expression restrains 
stem cell differentiation capacity and sustains cells as stem cells [71].  Another 
transcription factor of the same family, Snail (Sna), functions in opposite 
direction compared to Esg, as depletion of Sna in progenitor cells induces ISC 
proliferation, and enforced Sna expression inhibits ISC proliferation [21]. The 
Daughterless (Da)-dependent bHLH transcriptional activity is important for 
ISC maintenance through the activation of the ISC specific gene miranda. 
Loss of Da in ISCs decreases ISC identity and the Da-dependent bHLH 
activity is repressed by Notch signaling in EBs when cell differentiation is 
needed [45]. In addition, the GATA transcription factor GATAe and the JNK 
pathway transcription factor Kayak (Kay) (homologous to mammalian Fos) 
are two positive regulators of ISC proliferation. Downregulation of either 
GATAe or Kay in progenitor cells results in decreased ISC proliferation in a 
cell-autonomous manner [21, 72].

Regulation of ISC lineage differentiation  
In the midgut epithelium the ISCs give rise to two independent lineages, EC 
differentiation and EE differentiation. The ISCs are multipotent and will give 
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rise to both lineages according to a fate choice between the EC-committed 
progenitor cells (EBs or Pre-ECs) and the EE-committed progenitor cells (Pre-
EEs) (Figure 1B). It has recently been shown that EBs are only able to 
differentiate into ECs and that EEs are generated from ISCs [9-11]. Both 
lineages are regulated by combinatorial mechanisms consisting of different 
signaling pathways and specific transcription factors.  

EC differentiation 
The major differentiated cell type in the adult midgut epithelium is the EC, 
which is playing an important role in nutrient absorption and in antimicrobia l 
peptide production. The EC-committed progenitor cells termed EBs have been 
identified as transient, non-dividing cells, which not yet are terminally 
differentiated. These intermediate EBs undergo a few rounds of 
endoreplication to enlarge the nuclear and cellular size and prior to becoming 
mature ECs. A transcriptional reporter line of Notch activity, Su(H)GBE, 
(described above) has been used to label the EBs and to distinguish them from 
other small cells in the midgut [7, 8].

It is now clear that the EBs are the unipotent progenitor cells for ECs [9, 11].
Regulation of EC differentiation requires several signaling pathways in 
progenitor cells. The Dl/Notch pathway plays a pivotal role in regulating EC 
differentiation. A high level of Dl/Notch signaling is needed for triggering 
EBs towards EC differentiation. Reduction of Dl/Notch signaling biases the 
differentiation towards EE differentiation, leading to EE tumor formation. 
Conversely, overactivation of the Dl/Notch signaling is sufficient to drive EC 
differentiation [10, 12, 15]. In addition to the Notch pathway, the JAK/STAT 
pathway is also necessary but not sufficient for EC differentiation. Depletion 
of JAK/STAT activation in progenitor cells leads to the formation of resting 
EBs that cannot differentiate [15, 62, 63]. Furthermore, JAK/STAT drives EC 
differentiation in part by activation of the Dl/Notch signaling, as JAK/STAT 
activation in ECs increases Dl expression in ISCs for differentiation [63].
Finally, the Insulin signaling pathway is necessary for EB to EC 
differentiation, but it is not required for EE differentiation, as loss of Insulin 
signaling abolishes EB to EC differentiation but the EE differentiation is 
normal [37].

Apart from signaling pathways, several transcription factors have been 
reported to control EB to EC differentiation. The Sox family transcription 
factor Sox21a is necessary and sufficient for EB to EC differentiation. 
Depletion of Sox21a in EBs blocks EB differentiation, forming EB tumors. 
Consequently, enforced Sox21a expression in EBs promotes rapid EB to EC 
differentiation [73].  The Snail family transcription factor Esg is a stemness 
factor and loss of Esg in progenitor cells triggers EC differentiation by 
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derepression of the POU transcription factor Nub [71].  In addition, the GATA 
transcription factor GATAe has a positive effect on EB to EC differentiation, 
as the GATAe mutant displays a phenotype with poorly differentiated ECs 
[72].

EE differentiation 
Enteroendocrine cells are diploid cells with a major function in the secretion 
of hormones and peptides. The EE cells are generated directly from the ISCs 
without division or indirectly produced through an intermediate cell called 
Pre-EEs that are produced by either symmetric or asymmetric ISC division. 
There are two classes of EEs in the posterior midgut, based on the expression 
profile of different neuropeptides. Class I secretes Allatostatins and class II 
secretes Diuretic hormone (DH) and Tachykinin (TK).  Of note, these two 
classes of EEs are generated from the common ISCs via the same lineage, and 
stably exist once they are established. Both subtypes of EEs are expressing the 
pan-endocrine cell marker Pros [8, 74].

The transcription factor Pros and the Achaete-Scute Complex (AS-C) genes 
including Asense (Ase) and Scute (Sc) are key positive factors for EE 
differentiation from ISCs. Pros is expressed in pre-EEs and mature EEs. Ase 
is  expressed in a subset of Pros-positive EEs, while Sc is expressed in ISCs 
and EBs. Mutation of either Pros or AS-C genes abolishes the EE 
differentiation process. Enforced Sc or ectopic overexpression of Ase but not 
of Pros in stem cells is sufficient to promote EE formation. Furthermore, Pros 
acts as a downstream component of AS-C genes to regulate EE differentiation 
[11, 45, 75]. In addition, Numb, an inhibitor of the Notch pathway, plays an 
important role in regulating EE fate determination during stem cell division . 
The intrinsic regulator Numb blocks Notch activity after cell division, 
allowing the expression of downstream AS-C genes and Pros to promote EE 
differentiation [28]. The Snail family transcription factors Sna and Esg are 
also involved in regulating EE differentiation, as silencing of either Sna or Esg 
in progenitor cells leads to precocious EE differentiation. Esg functions 
upstream of Notch to regulate EE differentiation by repression of the Notch 
inhibitor Amun in EBs [21, 76]. In addition to these positive regulators of EE 
differentiation, a strong repressor of EE differentiation, Ttk69, has recently
been identified.  Loss of the transcriptional repressor Ttk69 in progenitor cells 
promotes supernumerary EE differentiation via de-repression of downstream 
AS-C genes and Pros. In contrast, enforced Ttk69 expression blocks EE 
differentiation [77].

In addition, several regulatory pathways are participating in the regulation of 
EE lineage differentiation. The Dl/Notch pathway acts as a core signaling  for 
EE differentiation. A low level of Dl/Notch signaling in ISCs specify the EE 
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differentiation, and loss of Notch signaling promotes rapid EE differentiation. 
Conversely, overactivated Notch signaling totally abolishes EE differentiation 
and inhibits the expression of AS-C genes and Pros [11-13, 78]. However, the 
downstream Notch target E(spl) genes are not obviously required for EE 
differentiation, as the loss of EE phenotype in the E(spl) mutant can be 
restored when Neur gene is mutated simultaneously [45]. In addition, the Slit/ 
Roundabout 2 (Rbo2) pathway has recently been found to play a negative role 
in regulating EE specification. EE secretes Slit that is binding to Rbo2 in ISCs 
to inhibit Pros expression for limitation of EE specification. Loss of Slit/Rbo2 
signaling leads to a high enrichment of EEs in the gut [9]. Moreover, ISCs 
lacking the JAK/STAT signaling fails to differentiate into either ECs or EEs, 
but enforced JAK/STAT activity increases EE differentiation [15, 62]. 

Maintenance of gut epithelium homeostasis 
The ISC activities including ISC proliferation and differentiation are precisely 
controlled and balanced to maintain gut epithelium homeostasis. However, the 
homeostatic turn-over of stem cells does not simply rely on constant stem cell 
divisions. Both ECs and EEs are capable of controlling ISC proliferation to 
maintain gut epithelium homeostasis. For instance, the spatial distribution 
between ECs and ISCs in the midgut establishes a local activation zone for 
ISC divisions to keep the total gut cell numbers at a steady state. Healthy ECs 
keep the stem cells in a quiescent state while dying ECs, lacking the cell 
adhesion protein E-cad, increases the secretion of EGFs in the activation zone, 
which triggers stem cell division via activation of EGFR signaling in ISCs for 
EC replacement [38]. In addition, complete starvation by feeding flies only 
with water has been shown to be associated with a severe and rapid ISC loss. 
Upon refeeding with a rich diet, the ECs are able to undergo a low frequency 
of amitosis to produce new and functional ISCs to compensate the severe ISC 
loss [79].

In addition to ECs, the regulatory circuit between EEs and ISCs also 
contribute to the maintenance of  gut epithelium homeostasis. For instance, 
high concentration of Bursicon, a hormone secreted by EEs keeps the ISCs 
quiescent in homeostatic conditions. Whereas low Bursicon concentration in 
EEs promotes rapid ISC proliferation by activation of the EGFR signaling 
pathway in VM [80]. Additionally, the EEs also secrete a neuropeptide called 
Tachykinin (TK) that controls ISC proliferation by regulating insulin peptide 
3 (Dilp3) expression in the VM. Ablation of TK positive EEs leads to less ISC 
proliferation [75]. In addition, local Slit/Rbo2 feedback signaling between 
EEs and ISCs has been suggested to negatively constrain the ISC lineage to 
EEs. The EEs secrete the ligand Slit, which is binding to the receptor Rbo2 in 
nearby ISCs which in turn, limits the specification of ISCs to EEs, avoiding 
excessive production of EEs [9]. In addition to the processes described above, 
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bidirectional Notch signaling is involved in regulating cell fate, with Notch 
signaling from EE cells retaining ISC identity and Notch signaling from ISCs 
drives EC differentiation [10, 12]. Thus, maintenance of stem cell activities in 
normal conditions requires signals from both stem cells and differentiated 
cells.  

Similarly, ECs are also capable of providing feedback signals to ISCs, 
enabling epithelium renewal to repair damages caused by infection, stress and 
aging in the midgut. In the past decade, a series of environmental stimuli has 
been shown to be involved in activation of ISC renewal in the midgut 
epithelium. Feeding flies with insect pathogenic bacteria such as 
Pseudomonas entomophila (Pe) and Serratia marcescens (Sm) [63, 81-83] or 
the non-pathogenic bacterium Erwinia carotovora carotovora 15 (Ecc15)
[65, 84] causes ECs damage. Damaged or apoptotic ECs trigger rapid ISC 
proliferation and EB differentiation for immediate ECs replacement. In 
addition, feeding of tissue-damaging reagents such as Bleomycin or Dextran 
sulfate sodium (DSS) to flies also results in cell loss and this subsequently 
induces a high level of ISC activity for tissue repair [85]. Furthermore, 
excessive oxidative stress caused by feeding paraquat or hydrogen peroxide 
(H2O2) also stimulates ISC proliferation and EB differentiation [83, 86, 87]. It 
is noted that all these treatments are dose-dependent and higher concentration 
of the damaging compounds cause higher mortality. Finally, injury-induced 
feedback loop regulation mechanisms between ECs and ISCs require the 
involvement of several signaling pathways. The damaged ECs promote rapid 
ISC proliferation and differentiation mainly through activation of the JNK 
signaling pathway and inactivation of the Hpo/Yki signaling pathway in ECs. 
Subsequently, both of these two pathways are sufficient to stimulate the 
secretion of mitogenic EGFs and of the Upd cytokines in the gut epithelium, 
allowing the activation of EGFR and JAK/STAT signaling pathways in ISCs, 
which will stimulate proliferation and renewal [23, 63, 68, 85, 87, 88].

Part II Innate immunity in Drosophila  

The Innate immune system in Drosophila 
Innate immune reactions in Drosophila involve two major processes: cellular 
immune processes occurring by the activity of immune cells (hemocytes and 
fat body cells) and humoral reactions occurring in the “cell-free” environment 
(hemolymph) [5, 89-91]. The cellular responses initiate immediately upon 
infection and are mainly composed of hemocyte-mediated immune reactions 
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and induction of immune components from immune cells. The circulating 
hemocytes are produced and released from the lymph gland where the 
hemocyte progenitors differentiate into three types of blood cells called 
plasmatocytes, lamellocytes, and crystal cells, according to their different 
morphology and function. The plasmatocytes are present in both larvae and 
adults, while the crystal cells and lamellocytes have only been observed dur-
ing the larval stages [92-94]. 

Plasmatocytes are spherical and phagocytic cells, making up around 90%-
95% of the mature larval hemocyte population. They defend the organism 
against bacteria by phagocytosis and by coagulation to trap the microbes after 
clot formation [93, 95]. The second type of hemocytes are the fragile and 
crystalline crystal cells that are representing approximately 5% of larval 
hemocytes. Crystal cells lack the phagocytic activity but contain melanin 
precursors, the substrate and enzymes that are required for activation of the 
phenoloxidase (PO) cascade. The mature crystal cells secret pro-
phenoloxidase (Pro-PO) into the hemolymph upon wounding or 
encapsulation, and then the inactive Pro-PO is cleaved by serine proteases to 
become active PO, which in turn, catalyze the synthesis of melanin to initiate 
melanization [96]. The least abundant hemocyte type in larvae is lamellocytes. 
The large and flat lamellocytes are rare in hemolymph under non-immune 
conditions but their presence can be massively induced by parasitic wasp 
infection [92]. A major hallmark of the Drosophila humoral immune response 
is the infection-induced rapid and transient production of antimicrobia l 
peptides (AMPs), which function either locally on the surface of barrier 
epithelia or systemically in the open circulatory system (hemolymph) to kill 
microorganisms. 

Pattern Recognition Receptors (PRRs) 
Direct microbial detection by the host requires pattern recognition receptors 
(PRRs). These function upstream of the two nuclear factor kappa-B (NF-κB) 
signaling pathways, called the Toll pathway and the immune deficiency (Imd) 
pathway to initiate the primary defense mechanisms. The PRRs can be divided 
into two major classes: the peptidoglycan recognition proteins (PGRPs) and 
the Gram-negative binding proteins (GNBPs), according to their reactions to 
different microbial elicitors.  

PGRPs 
The PGRPs are crucial for initiation an immune response as they recognize 
the different types of peptidoglycans (PGNs) secreted by both Gram-negative 
bacteria and Gram-Positive bacteria [97, 98]. The Drosophila genome 
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contains 13 genes encoding 19 PGRPs that are further divided into two 
subgroups based on their recognition and catalytic properties [99]. The first 
subgroup of PGRPs includes several short variants PGRP-SA, SD, and large 
variants PGRP-LA,  LC,  LD,  LE, and LF, which are devoid of the amidase 
activity due to the absence of zinc-binding residues, but capable of binding 
PGNs and retain their recognition properties. The second subgroup of PGRPs 
includes PGRP-SBs, SCs, and LB that are containing zinc-binding residues 
required for the amidase activity and they catalyze the degradation of PGNs 
[99]. Most of the PGRPs are constitutively expressed from the larval stage to 
adults, and in addition the expression is further induced upon bacterial 
infection. The PGN is a polymer and constituent of the cell wall of both Gram-
negative bacteria and Gram-positive bacteria, but these two bacteria express 
different types of PGNs. Gram-negative bacteria contains diaminopimelic 
acid (DAP) type PGN located underneath of the outer membrane of the cell 
wall. The cell wall of most Gram-positive bacteria consists of lysine type PGN 
located on the surface [100]. Drosophila can recognize and differentiate 
between the two types of PGNs (DAP and Lys-containing) via different types 
of PGRPs with different recognition specificity. Two independent NF-κB 
signaling pathways, called the Toll and the Imd pathways will be initiated as 
a result of this recognition [101, 102].

GNBPs 
In addition to PGRPs, the gram-negative binding proteins (GNBPs) have been
identified as another class of Drosophila PRRs that recognize both Gram-
positive bacteria and fungal β-glucans and activate the Toll signaling pathway. 
Drosophila contains three GNBP family members named as GNBP1, GNBP2, 
and GNBP3, and all these three GNBPs contain a β-1,3-glucanase-like  
domain required for their binding to the fungal β-1,3-glucan [103]. GNBP1 is 
broadly expressed throughout all developmental stages, while GNBP2 and 
GNBP3 are not detectable during the embryo stage [103]. GNBP1 either 
directly binds to fungal β-1,3-glucan or forms a complex with PGRP-SA to 
recognize PGN from Gram-positive bacteria leading to the activation of the 
Toll pathway [103-106]. In addition, GNBP3 has been shown to participate in 
the host defense against fungal infection by activation of the Toll signaling 
pathway, highlighting the important role of GNBPs in response to fungal 
infection [107]. 

AMPs 
To date, several immune-inducible, small, and cationic AMPs that are capable 
of killing different types of bacteria and/or fungi have been characterized in 
Drosophila [108-110]. For instance, Cecropin acts against both Gram-
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negative bacterial and some fungal infections [111, 112]. Diptericin, 
Drosocin, and Attacin are acting against many types of Gram-negative 
bacterial infection [113-115]. Defensin is the major AMP responding to the 
Gram-positive bacteria infection [116], while Drosomycin and Metchnikowin 
are mainly acting against fungal infections [117, 118]. In addition to these 
immune challenge-induced AMPs, expression of the peptide Andropin is 
highly induced by mating. It is expressed in the male ejaculatory duct and 
displays a moderate antibacterial activity against Gram-positive bacteria 
infection [119]. Additionally, a family of effector peptides called Bomanins 
has recently been found to be required for host resistance to Gram-positive 
bacteria and yeast infection [120]. The general mechanism of action of these 
cationic AMPs is that they interact with the negatively charged outer 
membrane of bacteria and disrupt the permeability barrier. This leads to lysis 
and collapse of the bacterial cell membrane, leading to the death of bacteria 
[121].  

The major site for infection-induced AMP production in Drosophila is the fat 
body, a functional analog of the mammalian liver. Upon infection the AMP 
genes are activated and a large battery of AMPs are synthesized and released 
into the hemolymph. In addition, barrier epithelia also produce constitutive or 
inducible AMPs, such as in the epidermis of embryos, in the epithelial linings 
of the reproductive organs, digestive tract and respiratory system. For 
example, both embryonic and larval epidermis are capable of producing imd-
dependent CecA1 upon wounding [122]. The female reproductive organ 
expresses constitutive CecA1, Defensin, and Drosomysin and the male 
ejaculatory duct expresses constitutive CecA1 [123-125]. Furthermore, the 
larval and adult digestive tract expresses both constitutive and inducible 
AMPs in response to oral infection [84, 123, 126]. Finally, the trachea 
expresses Drosomycin constitutively [123, 127]. Of note, AMP gene 
expression in response to infection displays a kinetic pattern with rapid 
induction in the first few hours and then a decline with time [128].
Interestingly, overexpression of single AMPs in immuno-deficient flies has 
the ability to rescue the high mortality caused by bacterial or fungal infection, 
which highlights the pivotal role of AMPs in Drosophila adult host defense 
[129].

Regulation of AMPs expression 
Transcriptional regulation of Drosophila AMPs requires direct binding of 
immune-related transcription factors to the specific DNA motifs including 
NF-κB sites, GATA sites, and region 1 (R1) sites located in the region 
upstream of the promoters of AMPs. For instance, the NF-κB sites have been 
identified as the core cis-regulatory elements that mainly confer infection-
induced activation of immune genes (CecA1 and Dipt) [130-133]. In addition, 
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the GATA sequence motif, which is located adjacent to the NF-κB sites is 
necessary for Dif-mediated full transactivation of CecA1 gene. The GATA 
transcription factor Serpent binds to the GATA motif to regulate CecA1
expression in the larval fat body upon immune challenges [134, 135].
Moreover, a regulatory element R1 has been found in the promoter region of 
several AMPs and is necessary for full transactivation of immune genes [136].
Collectively, the proximal upstream region, containing R1/κB/GATA motifs, 
confers positive regulation of immune responsive AMP expression. 
Conversely, some negative regulatory elements located in the distal upstream 
region including the Cad-protein recognition elements (CDREs) and Octamer 
(Oct) sites have been identified. Loss of either CDREs or Oct sites in the 
promoter region leads to robust AMP gene expression even without immune 
challenges [17, 124]. Some AMP genes are regulated by both the Toll and 
IMD pathways due to the presence of dual immuno-responsive κB elements 
in their promoter regions [137].
  

NF-κB Signaling pathways
Inducible AMP expression is regulated by two independent NF-κB-dependent 
signaling pathways, which are responding to infection by bacteria and fungi. 
The activation requires binding of NF-κB/Rel-like proteins to the κB sites in 
the promoter region of downstream immune target genes. Three NF-κB/Rel-
like proteins have been identified in the Drosophila genome termed Dorsal,  
Dorsal-related immunity factor (Dif) and Relish, which are capable of forming 
both hetero- and homodimers and can thereby target different variants of κB 
sites. This will enhance AMP production in response to different types of 
infection [138-143]. Relish is the core transcription factor acting downstream 
of the IMD pathway, whereas Dif, and to some extent Dorsal, is the activating 
factor downstream of the Toll pathway. 

The IMD signaling pathway 
The IMD signaling pathway is composed of a series of components that are 
involved in recognition of DAP-contaning PGN (Gram negative bacteria) and 
subsequent immune gene activation. The DAP-type of PGN derived from 
Gram negative bacteria and some Gram prostive bacteria is primarily 
recognized by the PGN-specific PRRs consisting of PGRP-LC and PGRP-LE
[144-146]. PGRP-LC encodes at least three protein isoforms LCa, LCx, and 
LCy due to alternative RNA splicing. All of these variants function as 
transmembrane dimeric receptors of the IMD pathway, responding to both 
monomeric and polymeric PGNs from Gram negative bacteria [147, 148].
PGRP-LE displays both extracellular and intracellular functions to bind PGN, 
and full length PGRP-LE serves as an intracellular receptor for monomeric 
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PGN binding, while a smaller form of PGRP-LE enhances the binding affinity 
of DAP-type PGN to the PGRP-LC receptor [149]. Furthermore, PGRP-LC
and PGRP-LE act synergistically in the activation of the IMD pathway [150].
Upon binding of  PGNs to the PGRPs, a protein complex consisting of the 
adapter protein Imd [151], the Fas-associated death domain protein (dFADD) 
[152, 153] and the caspase Dredd [154] is recruited to initiate intracellu lar 
signaling. The Imd protein contains a so called death domain, which binds to 
dFADD and then in turn interacts via its death effector domain with Dredd. 
Subsequently, Dredd binds to the NF-κB/Rel-like protein Relish and cleaves 
Relish into an N-terminal and a C-terminal part. Thereafter the N-terminal part 
of Relish, containing the DNA-binding Rel domain is translocated into the 
nucleus to regulate AMP gene transactivation, while the C-terminal part of 
Relish containing the Ankyrin/IκB-like domain remains in the cytoplasm, is 
involved in the IκB kinase complex-mediated Relish phosphorylation [155,
156] (Figure 4). Loss of any of the components of the IMD pathway decreases 
the activation of the downstream target genes and reduces the clearance of 
infections.  

The IMD pathway is also linked to the JNK pathway in activation of immune 
and stress responses. One of the upstream mitogen-activated protein (MAP) 
kinases of the JNK pathway, the Drosophila transforming growth factor 
activated kinase 1 (dTAK1) can be activated downstream of Imd to modulate 
AMP gene expression upon immune challenges. However, Relish activation, 
in turn, inhibits JNK activation by directing proteasome-dependent dTAK1 
degradation. Conversely, prolonged JNK activation prevents Relish activation 
[157-160]. Thus, the cross-talk between the IMD and JNK pathways 
cooperatively regulate the immune response to Gram-negative bacterial 
infection (Figure 4).  

The Toll signaling pathway  
Similarly to the IMD pathway, activation of the Toll pathway in Drosophila 
also relies on two major steps: recognition of extracellular microbes or their 
cell wall components, and intracellular signal transduction. In the case of 
extracellular bacteria recognition, Lys-type PGN derived from Gram-positive 
bacteria is specifically recognized by the short PGRP-SA and PGRP-SD
proteins, while fungal glucan is recognized by GNBP1, all of which will 
initiate Toll pathway-mediated immune responses [104, 105]. Unlike the 
mammalian Toll pathway where the Toll-like receptors directly recognize and 
bind to microbe-derived components, the Drosophila Toll receptor is only 
indirectly activated by the microbial products. Instead, binding of 
PGRPs/GNBPs to microbial products will activate an extracellular proteolytic 
cascade that subsequently cleave and activate Spätzle (Spz), which is the 
direct ligand to Toll. Maturation of Spz requires a proteolytic cascade 
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mediated by the Spätzle-processing enzyme (SPE), which is activated by the 
extracellular microbe recognition. Cleaved Spz can form homomultimers that 
bind to the ectodomain of the Toll receptor, which then signals to intracellu lar 
components [161-163]. Subsequently, the intracellular domain of Toll 
receptor directly interacts with the death domain protein MyoD88 [164],
which then forms a heterodimeric complex with the adaptor protein Tube and 
kinase Pelle to further transduce Toll pathway signaling [165]. The 
downstream IκB homolog protein Cactus (Cact) is phosphorylated by the 
action of Tube and Pelle, leading to rapid Cact degradation and dissociation 
of the Cact-Dif/Dorsal complex [166, 167]. Thereafter the NF-κB/Rel-like 
proteins Dif and Dorsal are translocated from the cytoplasm to the nucleus to 
activate downstream immune response genes such as AMPs [140, 168] 
(Figure 4).

Figure 4. Model of the Toll and IMD signaling pathway activation in Drosophlia
immune cells  
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Local immune responses in the adult midgut 
The innate immune responses in the Drosophila adult midgut consist of two 
major processes that take place in the gut epithelium enterocytes (ECs): 
induction of AMPs by the IMD signaling pathway and production of reactive 
oxygen spieces (ROS) mediated by Duox or Nox, both of which are able to 
inhibit the growth and proliferation of microbes. The expression pattern of 
immune-related genes like PGRPs and AMPs in the midgut displays regional-
specific properties [19, 20]. Therefore, it is likely that the immune responses 
in the midgut triggered by ingested microbes are also compartmentalized due 
to the regionalized immune gene expression patterns.  

The different expression patterns of PGRPs modulate the intensity of gut 
immune responses in a regionalized manner. As an example, PGRP-LE and  
PGRP-LC act in the posterior midgut and proventriculus respectively to 
control AMP gene expression upon infection [169, 170].  In addition, PGRP-
LB has been shown to prevent Dipt expression in the proventriculus in the 
absence of infection [170, 171]. Finally, PGRP-SC1, one of the PGRP-SC
variants is only induced in the posterior midgut after bacterial infection, but 
another variant, PGRP-SC2, is constitutively expressed in the anterior midgut. 
However, loss of either PGRP-SC1 or PGRP-SC2 only results in a moderate 
effect on AMP gene activation in the gut upon infection [20, 172].

Generally, the basal expression level of AMP genes in the midgut is low but 
their expression can be highly activated upon experimental oral infection with 
Ecc15 or Pe [21, 81, 84, 126, 127, 173]. In contrast to the non-pathogenic 
bacteria Ecc15, Pe ingestion causes high mortality as a result of secretion of 
the toxin-like protease AprA, which degrades AMPs to increase the Pe
persistence in the midgut [81]. Both Ecc15 and Pe are mainly dispersed in the 
larval anterior midgut and widely scattered along the whole adult midgut upon 
oral feeding. But a few fragmented PGNs from these bacteria are able to cross 
the gut epithelium barrier and be released into the hemolymph to activate 
systemic immune responses after infection [126, 170, 173]. In addition, not 
only the ECs provide AMP gene expression, other gut cell types are also able 
to express several AMPs in response to bacterial infection. As an example, 
both EEs and EBs capable of producing a high expression level of AttA and 
CecA in response to Pe infection, indicating activation of the IMD pathway in 
progenitor cells [21]. Furthermore, the prosecretory factor Dimmed has been 
shown to be transiently induced in differentiated EEs after Pe ingestion and 
subsequently activate AttA and DiptA expression in the gut, which may 
increase the host resistance to Pe infection. It is likely that either the extant 
EEs directly produce AMPs, or that damaged ECs can stimulate ISCs 
proliferation to produce more newly formed EEs for AMP production [174].
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ROS production and regulation in the gut  
In addition to production of AMPs, the gut epithelium also provokes 
generation of extracellular ROS to combat invading microorganisms. 
Importantly, production and elimination of ROS has to be maintained in a 
homeostatic manner, as excessive production of ROS causes EC delamination 
and damage, resulting in gut epithelium inflammation. The immune-regulated 
catalase (IRC) has been identified as an important antioxidant factor in the gut 
epithelium to prevent the host from unappreciated ROS damage. IRC-depleted 
flies produce much higher levels of ROS and are susceptible to oxidative 
reagent-induced stress or to gut infections [175]. In addition, the Drosophila
dual oxidase (dDuox), a nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase enzyme is required for ROS generation in the gut 
epithelium, and it increases the capability of bacterial clearance and resistance 
to infection [176]. Furthermore, regulation of dDuox expression and activity 
in the gut has been shown to be controlled by multiple signaling pathways 
including both positive and negative regulation routes, according to the 
different microbial burdens in the gut. The Gαq-phospholipase C-β (PLC-β) / 
Calcineurin B (CanB) / Mitogen-activated Kinase Phosphatase 3 (MKP3) 
pathway constrains the expression level and activity of dDoux in the presence 
of commensal microbes (low microbial burden). But the Mkk3 /Protein kinase 
38/Activating transcription factor 2 (ATF2) pathway induces high levels of 
dDuox activity to produce sufficient ROS to eliminate ongoing infections 
(high microbial burden) [177-179]. Recently, a potential mechanism 
underlying how the host gut initiates and activates the ROS production to 
combat oral pathogens infection was suggested. In this model, pathogens 
secret Uracil (one of the four nucleobases in the nucleic acid of RNA), which 
is recognized by the host, triggering Cadherin99C-dependent endosome 
formation. This requires activation of the Hedgehog (Hh) signaling pathway 
and thereby support in pathogen clearance.  Flies mutant for components of 
the Hh signaling pathway in the gut loose the ability to produce dDuox-
dependent ROS upon infection. In contrast, constant release of Uracil 
promotes constitutive dDoux activation resulting in chronic gut pathogenesis 
[180, 181]. Importantly, host recognition of extracellular Uracil only activated 
dDuox activity, without triggering IMD dependent AMP gene expression 
[180]. Therefore, the host gut deploys a combinatorial immune defense system 
including Uracil- and dDuox- mediated ROS production and PGN-induced 
AMP gene expression to combat gut infections.  

Negative regulation of the IMD pathway in the gut  
Despite the high intensity of immune responses in the gut upon microorganism 
infection, the host gut epithelium exerts several adequate negative regulatory 
mechanisms to balance the immune activation. Excessive activation of IMD 
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pathway in the gut, caused by loss of repressors or overexpression of 
activators of AMP genes in the gut ECs, increases the mortality of flies even 
in the absence of infection [17, 182, 183]. This highlights the importance of 
an equilibration between IMD-mediated immune activation and negative 
feedback regulation mechanisms. The negative regulators of IMD-mediated 
immune activation in the gut can be divided into two groups, according to their 
different functions during the activation of IMD signaling. One group of 
negative regulators mainly blocks the extracellular PGN recognition and 
sensing processes, and another group of negative regulators interacts with in-
tracellular components of the IMD pathway. Both of these two groups are able 
to dampen IMD signaling in the absence of infection or tune down the 
response after an infection has been cleared.

The first group of negative regulators is mainly composed of the amidase 
PGRPs, including PGRP-LB, PGRP-SBs, and PGRP-SCs. In the case of 
PGRP-LB and PGRP-SCs, both of which are capable of scavenging the DAP-
type PGNs and tracheal cytotoxin (TCT), resulting less binding of PGNs to 
the membrane PGRP-LC receptor, which in turn downregulates local AMP 
gene expression. Notably, the expression levels of PGRP-LB and PGRP-SC2
are increased in the gut by both commensal and pathogenic bacteria, and flies 
lacking either PGRP-LB or PGRP-SC2 succumb to Pe feeding due to 
overactivated immune responses [171, 172, 182, 184, 185]. However, the 
catalytic PGRP-SBs only have the ability to degrade DAP-type PGNs, but not 
TCT [184, 186, 187]. In addition to the amidase PGRPs, two non-amidase 
PGRPs: PGRP-LF and rPGRP-LC are involved in the downregulation of IMD 
signaling.  For instance, membrane-bound protein PGRP-LF, which lacks the 
intracellular domain, has been shown to bind to DAP-type PGNs and 
negatively regulate IMD-dependent immune activation. Loss of PGRP-LF
increases constitutive IMD signaling activity leading to high expression levels 
of AMP genes in the fat body [188, 189]. The rPGRP-LC, an alternatively 
spliced variant of PGRP-LC protein, has been identified as a negative 
regulator of polymeric PGN or dead bacteria, but not of the TCT-mediated 
IMD activation pathway. It is likely that rPGRP-LC selectively dampens IMD 
activation via endocytosis of the active PGRP-LC receptor [190].

Intracellular regulation of IMD signaling by negative regulators, includes both 
targeting of components of the signaling pathway and negatively acting 
transcriptional regulators. Poor imd response upon knock-in (Pirk), a 
cytoplasmic protein, has been found to downregulate both basal and infection-
induced IMD signaling by direct interaction with the intracellular component 
Imd and with the membrane receptor PGRP-LC. The infection-induced high 
expression level of Pirk in the gut is Relish-dependent, and this will therefore 
create a negative feed-back loop in response to infection. Flies lacking Pirk 
will hyperactivate the IMD pathway and are susceptible to gut infections [184,
191, 192]. In addition, several transcription factors have been shown to 
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negatively regulate IMD pathway target genes, both in basal and infection-
induced conditions.  The homeobox transcription factor Caudal (Cad) is a gut-
specific negative regulator of the Relish/IMD-mediated immune activation in 
the presence of gut commensal bacteria. Flies lacking Cad have 
hyperactivation of IMD activity in the gut and subsequently induce a high 
level of apoptosis causing gut pathology [182]. Moreover, the short variant of 
the POU/Oct transcription factor Pdm1/Nub termed Nub-PD, is a repressor of 
Relish/IMD-dependent constitutive AMPs expression in the midgut, both in 
the presence and absence of gut commensal bacteria. Loss of Nub-PD 
increases the clearance of cultivatable gut bacteria but the flies have a short 
lifespan [17, 193]. In addition, the Zn finger homeodomain transcription 
factor1 (Zfh1) has been shown to downregulate infection-induced IMD 
activation at the transcriptional level [194]. Thus, it is possible that the balance 
between negatively regulatory activities of IMD signaling, controlled by these 
transcription factors and by Relish-mediated IMD activation in the gut has to 
be tightly equilibrated to maintain gut immune homeostasis.  

To extend, a number of other negative regulators, like Rudra, Defense 
repressor1 (Dpr1), Caspar and Pickle are also involved in downregulation of 
the IMD pathway by modulating the activation process of IMD signaling. The 
Rudra protein directly binds to the membrane PGRP-LC/LE receptor complex 
interfering the appropriate binding of receptors to the Imd ligand [195]. And 
Dpr1 interacts with the intracellular component Dredd to degrade it via the 
proteasome [196]. In addition, Caspar has been shown to prevent the nuclear 
translocation of Relish by interfering with the Dredd-mediated Relish 
cleavage upon immune challenges [197]. Finally, the IκB protein Pickle 
selectively inhibits IMD-mediated immune activation prior to and after Gram-
negative bacterial infection by modulating the dimerization of active Relish in 
the nucleus [198].

Crosslink between immunity and gut epithelium regeneration 
Apart from the antimicrobial activity, ROS production and IMD pathway 
activation, immune responses in the gut are also associated with ISC 
proliferation. For instance, ROS production is linked to activation of ISC 
proliferation. Feeding flies with pathogenic bacteria induces a high level of 
NADPH oxidase activity in ECs, leading to excessive production of ROS and 
subsequent activation of the JAK/STAT signaling pathway, which in turn 
stimulates ISC proliferation [180, 199, 200]. Similarly, constitutive activation 
of the IMD pathway by overexpression of a dominant active form of Imd in 
gut progenitor cells promoted rapid and constant stem cell division leading to 
gut dysplasia. Furthermore, persistent IMD pathway activation in progenitor 
pairs also biases the EE differentiation and exacerbates the Notch depletion-
induced tumor growth [201]. Similarly, overactivated IMD signaling in ECs 
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triggers a high level of ISC proliferation, possibly by activation of the JNK 
and JAK/STAT signaling pathways [183]. In addition, excessive IMD activity 
in PGRP-LB/SC/Pirk mutant gut causes gut epithelium damage, which 
subsequently triggers a high level of ISC proliferation for tissue repair [184].
Finally, IMD pathway mutants lacking the basal IMD activity also display a 
high level of ISC proliferation rate in the absence of infection. And 
downregulation of Relish in progenitor cells or ECs increases stem cell 
division, suggesting a negative regulatory role of the IMD pathway in 
regulating ISC proliferation [202]. Thus, both basal and overactivated IMD 
pathway in the gut are associated with ISC proliferation.  

Part III POU/Oct transcription factors in Drosophila 

Characteristics of the POU/Oct transcription factor family 
The POU domain family of transcription factors was first characterized and 
named from the mammalian Pituitary-specific transcription factor 1 (Pit-1), 
Octamer-binding protein 1 (Oct1) and Oct-2, and C.elegans gene unc-86. 
These three genes share high similarity over the entire POU domain, 
consisting of two subdomains: one POU-specific domain (POUS) and one 
POU homeodomain (POUH), which together are capable of binding to the 
canonical Octamer-motif (ATGCAAAT) to regulate gene expression [203-
205]. The POUS domain is the unique and common feature of all POU 
proteins. The larger POUS domain (75 amino acid residues) consists of a 
cluster of four alpha-helices forming a Helix-turn-Helix (HTH) DNA 
recognition motif and binds to the half octamer motif (5´ATGC3´), while the 
POUH (60 amino acid residues) contains a cluster of three alpha-helices 
forming a HTH DNA binding motif and binds to another half octamer motif 
(5´AAAT3´) (Figure 5). POUS and POUH are separated by a nonconserved 
linker that holds the two subdomains in a flexible status. The two DNA-bind-
ing domains together deploy high affinity to the canonical octamer or other 
octamer-like motifs [206-208]. Furthermore, the bipartite POU domains
display large versatility in DNA binding with the ability to recognize diverse 
Oct-like target DNA sequences in different ways by changing the binding 
orientation or spacing between the POUS and POUH domains [209, 210].
Additionally, the POU domain proteins have the ability to assemble as dimers 
to co-operatively bind to DNA target sequences. POU family proteins interact 
with each other either as heterodimers or homodimers, which further increase 
the flexibility and specificity in regulation of target gene expression [211-
215]. Thus, the structural and functional difference of POUS and POUH
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subdomains provide diversity and complexity in gene regulation by POU 
proteins.  

Fig 5. The binding model of POU/Oct factors to the canonical Octamer sites. 

POU proteins in Drosophila
The POU proteins can be classified in several classes based on the bias of 
linker length and POUH domain variant [216]. Five different POU protein 
genes belonging to four distinct families have been identified in the 
Drosophila genome [217, 218]. The class II subfamily consists of the POU 
domain protein 1 (Pdm1/Nubbin) and Pdm2/Miti that are paralogs, homolo-
gous to mammalian Oct1 and Oct2. Pdm1 and Pdm2 share many identical 
properties including their genomic location, the sequences within their POU 
domains and their expression patterns in embryo, indicating that they may be 
functionally redundant or acting in combination in some processes and tissues 
[219-221]; The gene for Drifter (Dfr)/ventral veins lacking (vvl) belongs to 
the class III subfamily and participtates in operations of wing vein patterning, 
treachea cell migration and differentiation [222, 223]; The class IV subfamily 
is composed of the abnormal chemosensory jump6 (Acj6) protein and the 
class VI subfamily comprises the POU domain protein 3 (Pdm3), both of 
which are expressed in the same class of olfactory receptor neurons and both 
are required for normal odor responses [224-226].

In the case of Pdm1/Nub (thereafter referred to Nub) and Pdm2, several 
studies have deciphered their important roles in regulating embryonic nervous 
system development. The expression of Nub and Pdm2 exhibits dynamic 
temporal and spatial patterns during embryogenesis, with high expression 
levels during early embryogenesis and low expression levels in late 
embryogenesis. Both Nub and Pdm2 are expressed in a subset of cells 
involved in embryonic central nervous system development, such as neuronal 
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precursor neuroblasts (NBs) and in ganglion mother cells (GMCs) [221, 227].
The NBs undergo repeated asymmetric cell divisions giving rise to a group of 
NBs and GMCs, then each of the GMCs further divide into two postmitotic 
RP2/Sib neurons. Nub and Pdm2 both act in GMC-1 to regulate RP2 neuron 
specification, and the number of mature RP2 neurons is reduced in Nub or 
Pdm2 mutants. However, the RP2 neurons are completely lost in double 
mutants of Nub and Pdm2. Nub overexpression partially restores the RP2 
neurons in the Pdm2 mutant, indicating the redundant function of Nub and 
Pdm2 in regulating NB4-2>GMC-1>RP2/Sib lineage [228-230].  
Furthermore, it has been shown that the enforced Nub or Pdm2 expression 
confers the GMC-1>RP2/Sib lineage through upregulation of Cyclin E 
expression, which increases the asymmetric renewal of the GMC-1, leading 
to duplication of RP2 neurons [231].

Nub has also been implicated in patterning and proximal-distal growth of the 
wing disc during larval stages. Loss of Nub causes a dramatic reduction of the 
adult wing blade and partial deletion of wing hinge [232, 233]. Furthermore, 
the sharp dorsoventral boundary formation in wing discs is largely altered in 
Nub mutants due to attenuated Notch activity. It is likely that Nub acts as a 
repressor at the dorsoventral boundary, which competes with Notch 
activation, and by suppression of Notch-dependent target genes [234].

Importantly, Drosophila POU proteins have previously been identified as 
potential regulators of immune response gene expression in cell culture [235].
Subsequently, Dfr/Vvl has been shown to be expressed in different 
immunocompetent tissues and collaborate with the homeodomain 
transcription factor Caudal in the ejaculatory tract to activate CecA1 gene 
expression [124, 125]. However, the function of other POU proteins in 
regulating Drosophila innate immune responses had not been investigated. A 
major goal of this thesis work was to investigate the role of Nub in regulating 
Drosophila gut innate immunity and in gut epithelium regeneration.  
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Present investigation  

Aim of thesis 
The overall aim of this thesis was to investigate the role of two isoforms of 
the Drosophila POU/Oct transcription factor Nub, Nub-PD and Nub-PB, in 
regulation of Drosophila innate immunity, with a special focus on adult mid-
gut immune homeostasis and epithelium regeneration.

Specific aims of each paper: 
To study the specific role of the short isoform Nub-PD in regulating immune 
gene expression in healthy Drosophila (Paper I) 

To understand how Nub-PD and Nub-PB act together to balance immune gene
expression (Paper II) 

To investigate the role(s) of Nub-PD and Nub-PB in maintenance of  adult 
midgut epithelium homeostasis, and the (phenotypic) consequences on 
intestinal stem cell proliferation and differentiation from their respective 
dysregulation (Paper III) 

To further characterize the function of Nub-PB in regulation of midgut 
epithelium regeneration (Paper IV) 
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Results and conclusions 

Paper I  
Background  
Activation of the Drosophila immune response upon infection involves two 
conserved NF-κB signaling pathways: the Toll and the Imd pathway. Both of 
them require translocation of NF-κB factors into the nucleus for initiation of 
downstream immune gene transactivation. However, excessive and constant 
immune activation in the gut is often associated with inflammation and other 
signs of gut pathology causing the death of flies. Thus, several negative 
regulatory mechanisms have to be activated to tune the immune gene 
activation, and to prevent activation of immune responses in the absence of 
infection. The processes of negative regulation of immune activation in the 
adult gut have been shown to involve both extracellular microbe recognition 
and intracellular gene regulation. It attracted our interest to investigate how 
transcription factors act to regulate basal immune gene expression. The POU 
transcription factor Nub/Pdm1, encoded by nubbin gene which has been 
predicted to trancribe two different transcripts. In addition, Nub also has been  
identified as a putative immune gene regulator in cell culture. However, how 
Nub regulates immune gene expression in flies had not been studied. 

Findings 
To investigate the transcriptional role of Nub in regulating immune responses 
in healthy flies, we first analyzed immune gene expression in the Nub-PD 
mutant (nub1) and found that several antimicrobial peptide genes (AMPs) 
including CecA1, Dipt, and AttC were significantly upregulated both in 
conventionally reared condition and in antibiotic-treated flies, suggesting that 
Nub-PD acts as a negative regulator of immune gene expression in healthy 
flies. Moreover, the strong activation of these AMPs in nub1 background was 
to a large extent Relish-dependent. Next, we examined the number of 
cultivatable bacteria in nub1 flies by dissecting guts and plating gut extracts on 
bacterial medium. It was clear that the nub1 mutant gut contained less platable 
bacteria compared to control guts, suggesting that loss of Nub-PD diminishes 
the live and cultivatable bacteria in the gut, possibly due to the increased 
expression of AMPs.  

Next, we identified several putative Oct and Oct-like binding sites located in 
the upstream region of several AMPs. To investigate if the Oct sites present in 
the upstream region of CecA1 are involved in repression of CecA1 expression, 
I created a CecA1 Oct-luc reporter construct, in which a cluster of six Oct and 
Oct-like sites were deleted, and transfected this construct into Drosophila mbn-
2 cells. Strikingly, deletion of the Oct cluster promoted a high expression level 



36

of the CecA1-luc reporter compared with the control, demonstrating that the 
Oct cluster acts as a negative regulatory element in mbn-2 cells. Next, to 
examine the expression pattern of Nub in adults, we produced a peptide-
specific Nub antibody and found that Nub is present both in cell culture and in 
adult immunoresponsive tissues. Immunostaining of cryo-sections of whole 
flies using this antibody showed that Nub protein is expressed in adult fat body 
cells and gut.  Subsequently, we performed chromatin immunoprecipitat ion 
experiments to confirm that Nub-PD is binding directly to Oct sequences pre-
sent upstream of several of the AMP genes. 

Finally, in order to analyze global mRNA expression regulated by Nub-PD, a
microarray analysis was performed separately on adult gut and carcass 
(including fat body) tissues. By comparing nub1 to control samples, we found 
961 transcripts in gut and 642 transcripts in carcass that were differentially 
expressed by a fold change of two or higher. To further characterize the 
differential transcripts, a gene set enrichment analysis (GSEA) was conducted, 
identifying overrepresented Gene Ontology (GO) categories. We found that 
many well-known immune effector genes, cellular stress response genes, and 
apoptosis-linked genes were upregulated in the nub1 mutant, suggesting that 
Nub-PD acts as a general repressor of immune responsive genes in healthy 
flies. 

Conclusions  
● The nub gene encodes two independent proteins, Nub-PD and Nub-PB. 
● Nub-PD is a negative regulator of NF-κB/Relish-driven AMP gene 
expression. 
● Loss of Nub-PD reduces the number of cultivatable bacteria in the gut. 
● Nub-PD directly binds to Oct sequences to repress AMP gene expression.  
● Gene expression profiling reveals that Nub-PD acts as a repressor of im-
mune-responsive gene expression.

Paper II  
Background  
The nub gene had been annotated and predicted to encode two independent 
protein isoforms, Nub-PD and Nub-PB, and immunoblot analysis confirmed 
the existence of two proteins of expected molecular weight (Paper I). As 
described in paper I, the short form, Nub-PD, acts as a repressor of NF-
κB/Relish-dependent immune gene expression. Nothing was known, 
however, about the role of the large form, Nub-PB, in transcriptional 
regulation of immune and other target genes. The temporal and spatial 
expression patterns directed from the two independent nub promoters had also 
not been studied previously.
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Findings 
To investigate the immune-regulatory feature of Nub-PB, we overexpressed 
Nub-PB in immunocompetent tissues and measured the CecA1 reporter 
expression in the absence of infection. In contrast to Nub-PD, as described in 
Paper I, enforced Nub-PB expression promoted increased CecA1 reporter 
expression, indicating that Nub-PB functions as an activator of immune gene 
expression. A global transcriptional profile of Nub-PB overexpression was 
carried out in adult gut and “rest” (fly bodies without heads and gut, including 
fat body) separately, by using microarray analysis. We identified 545 
transcripts in the gut and 1177 transcripts in rest samples that were 
differentially expressed upon Nub-PB overexpression compared to control.  
Many immune effectors including genes for AMPs, ROS production and 
cellular stress factors were significantly upregulated upon Nub-PB
overexpression, suggesting that Nub-PB acts as an activator of immune 
responsive gene expression. 

Next, we performed a comparative analysis of the differentially expressed 
immune genes identified in the microarray analysis from the nub1 mutant 
(Paper I) and Nub-PB overexpression (Paper II). Strikingly, 65 immune-
regulated genes were upregulated in both transcriptional profiles. Then gene 
expression was validated for some of the AMP genes by RT-qPCR. It became 
clear that genes upregulated by Nub-PB overexpression were downregulated 
by Nub-PD overexpression, suggesting that Nub-PB and Nub-PD regulate the 
same immune genes in opposite manners. To confirm this possibility, we co-
overexpressed both Nub-PB and Nub-PD in fat body cells and found that the 
expression level of several AMPs was similar to that of the control, 
demonstrating that Nub-PB and Nub-PD act antagonistically.  

Relish is a core activator of AMP gene expression in response to infection. To 
analyze if Nub-PB acts together with Relish to regulate AMP genes, we 
performed Relish and Nub-PB co-transfection experiments in Drosophila mbn-
2 cells, and found that Nub-PB and Relish activate CecA1-luc activation in a 
synergistic manner. Furthermore, we found that both DiptA and Drsl2 
activation, mediated by Nub-PB overexpression, were Relish-independent, 
suggesting that Nub-PB regulates AMP gene expression both independently 
of, and together with Relish. 

Nub-PB and Nub-PD share identical C-terminal parts, which contain the POU 
and Homeo domains that interact with the Oct sequence. To investigate if the 
Oct sites present in the CecA1 upstream regulatory region are required for Nub-
PB-mediated activation, we created CecA1 Oct-lacZ reporter flies. The Oct 
cluster was deleted from the CecA1 gene and this reporter line was utilized to 
examine CecA1 expression. We found that the Oct cluster was required for full 
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reporter gene activation by Nub-PB. Thus, both Nub-PB and Nub-PD regulate 
the CecA1 gene by interacting with the Oct sequence. 

Thereafter, we examined the role of Nub-PB in regulating adult gut AMP gene 
expression, by downregulation of Nub-PB expression (by RNAi) in the gut and 
found that gut-specific expression of DiptA and Drsl2 was significant ly 
decreased, confirming that Nub-PB is an activator of these immune genes in 
healthy flies. Moreover, we found a negative correlation between Nub-PB
expression levels and the bacterial load and host lifespan. High expression 
levels of Nub-PB in the gut reduced the bacterial load and also host lifespan, 
while reduced expression level of Nub-PB increased the bacterial load and host 
lifespan.  

To investigate the role of Nub-PB upon bacterial challenge, we performed 
Ecc15 oral infections. Flies with Nub-PB overexpression succumbed quickly 
to the infection although they effectively cleared the bacteria, indicating that 
the flies did not die due to bacterial overgrowth. In addition, we found that 
proinflammatory responses were activated in the gut by Nub-PB
overexpression, but it did not, however, cause gut leakage. Excessive immune 
activation in the midgut is often associated with gut pathology. To examine the 
consequences of constant immune activation caused by Nub-PB overexpres-
sion in the gut, we performed immunostaining experiments. Overexpression of 
Nub-PB activated both Upd3 expression and JAK/STAT activity in entero-
cytes, which in turn can trigger rapid intestinal stem cell proliferation. This was 
confirmed, as there were more mitotic cells upon Nub-PB overexpression. Ad-
ditionally, enforced Nub-PB expression in enterocytes also activated the JNK 
pathway and promoted more apoptosis, suggesting that overexpression of Nub-
PB in the gut phenocopies some pro-inflammatory signatures.

Conclusions  
● Nub-PB is an activator of immune genes. 
● Nub-PB and Nub-PD regulate the same immune genes in antagonistic 
manners. 
● Nub-PB and Relish synergistically activate immune gene expression. 
● The Oct sequence cluster is required for Nub-PB-driven activation of  
CecA1 expression. 
● The expression level of Nub-PB in the adult gut is negatively correlated with 
gut bacterial loads and host lifespan.
● Both overexpression and downregulation of Nub-PB in the gut affect 
survival to oral infection. 
● Nub-PB overexpression in gut enterocytes promotes pro-inflammatory 
conditions. 
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Paper III  
Background  
The role of Nub in regulating Drosophila gut immunity was well described in 
Paper I and Paper II. However, little is known about the function of Nub in 
regulating gut epithelium regeneration. The Drosophila adult midgut 
epithelium is a tubular monolayer consisting of two major differentiated cell
types: large polyploid enterocytes (ECs) and small diploid enteroendocrine
cells (EEs) that are differentiating from the multipotent intestinal stem cells 
(ISCs). Generally, the ISCs undergo asymmetric cell division to give rise to 
two different daughter cells. One daughter cell termed enteroblast (EB) is re-
ceiving high Notch activity, which will drive further differentiation into an 
EC. Another daughter cell, which inherits low Notch activity, will keep the 
ISC identity. ISC proliferation and differentiation need to be kept at an even 
level with cell death and delamination to maintain gut epithelium homeostasis. 
Multiple transcription factors, including the Snail family and the Sox family 
of transcription factors have been shown to be involved in controlling ISC 
proliferation and differentiation. A possible role of Nub in these processes had 
not been investigated previously, but it had been shown to be involved in reg-
ulation of embryonic neuroblast cell lineage. It was therefore of great interest 
to investigate if Nub also participate in regulation of adult ISC activities.  

Findings 
To investigate if Nub is involved in regulating Drosophila adult gut regener-
ation, we first measured the midgut length in adults, and found that in nub1, a
mutant lacking Nub-PD protein, midgut length was shorter than control mid-
guts, indicating that Nub-PD is involved in adult midgut regeneration.  
Morevoer, in the heteroallelic nubE37/nub1 flies, the midgut was longer 
compared to the nub1 mutant, suggesting that Nub-PB and Nub-PD may con-
fer opposite roles in the maintenance of gut epithelium regeneration. Then, 
two independent nub-RB and nub-RD reporter lines were used to delineate 
their expression pattern in adult midgut cells. We found that both Nub-PB and 
Nub-PD are highly expressed in differentiated ECs and also in some EBs 
along the midgut. To confirm the expression pattern of Nub protein, Nub 
antibody staining was performed both in adult midgut and in cell culture. The 
results showed that Nub protein is not only expressed in differentiated ECs 
but also present in some of the gut progenitor cells (ISC+EB) and in frequently 
dividing mbn-2 cells, indicating that Nub may be involved in regulating ISC 
activities.   

Next, to examine the specific role of Nub-PB in regulating ISC proliferation, 
we utilized a nub-RB specific RNAi line to downregulate nub-RB expression 
in gut progenitor cells. We found that depletion of nub-RB in gut progenitor 
cells promoted rapid ISC proliferation, by upregulation of escargot expression 
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directly or indirectly. Conversely, enforced nub-RB expression blocked ISC 
proliferation by repression of escargot expression. To specify the role of nub-
RB in regulating ISC activities in different cell types, we further utilized cell-
specific drivers to downregulate nub-RB expression in ISCs and in EBs, or in 
both. The results showed that Nub-PB specifically functions in EBs to control 
ISC proliferation and differentiation.  

The Notch pathway plays a pivotal role in regulating ISC proliferation, and 
depletion of Notch signaling results in both ISC and EE tumor formation in 
the midgut. To investigate if overexpreession of Nub-PB could repress Notch 
RNAi-induced tumor formation, we overexpressed nub-RB in Notch RNAi 
background and found that enforced Nub-PB overexpression suppressed 
Notch RNAi-induced tumor formation.  

Finally, the nub1 mutant was utilized to examine the specific role of Nub-PD 
in regulating ISC proliferation. By using antibody staining against phospho-
histone 3 and Delta in nub1 mutant gut, we found that Nub-PD is required for 
ISC proliferation, both in basal and in infection-induced conditions. But the 
EE lineage was not affected in the nub1 mutant gut, as the proportion of EE 
cells was not changed in the nub1 mutant gut compared to the control. So far, 
the results indicate that loss of Nub-PD leads to low ISC proliferation while 
depletion of Nub-PB promoted rapid ISC proliferation. To examine how Nub-
PD and Nub-PB may act together to regulate ISC proliferation, we performed 
MARCM analysis in nub1 and nubE37 mutant guts and found that most of the 
nub1 clones were single, differentiated ECs, confirming that Nub-PD is 
necessary for ISC proliferation. However, the nubE37 clones behaved as wild-
type clones, indicating that Nub-PB and Nub-PD regulate ISC proliferation in 
opposite manners in the posterior midgut. 

Conclusions  
● Nub is involved in midgut regeneration in Drosophila adults  
● Nub-PB and Nub-PD are expressed in adult gut ECs and progenitor cells. 
● Loss of Nub-PB in progenitor cells leads to increased escargot expression 
and ISC proliferation. 
● Nub-PB functions in EBs to regulate differentiation. 
● Overexpression of Nub-PB rescues a Notch RNAi-mediated differentiation 
defect.  
● Nub-PD is required for both basal and infection-induced ISC proliferation 
and regulates ISC fate in an opposite manner compared to Nub-PB. 
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Paper IV  
Background  
Two isoforms of the POU/Oct protein Nub, Nub-PD and Nub-PB regulate 
Drosophila ISC proliferation antagonistically in the posterior midgut to main-
tain midgut epithelium homeostasis, as described in Paper III.  However, the 
specific role of the larger form, Nub-PB, in control of gut epithelium 
regeneration has not yet been well studied. 

Findings 
To investigate the role of Nub-PB in regulating gut epithelium regeneration, 
we created a Nub-PB frameshift mutant named nubPB-3. The mutation was ver-
ified by DNA sequencing and by Nub immunostaining in larval wing discs. 
As this mutant is homozygous viable, we first carried out survival assays to
examine if loss of Nub-PB affects adult lifespan. We found that the nubPB-3

flies displayed a mild but significant reduction in lifespan compared to control 
in conventionally reared condition. However, after oral infection with Ecc15,
the survival rate was decreased considerably in the nubPB-3 mutant compared 
to the controls. Then, we dissected and measured the midgut length and found 
that the nubPB-3 midguts exhibited a wider anterior part and were shorter than 
control midguts. In addition, we observed delamination of some ECs in the 
nubPB-3 anterior midgut, indicating that loss of Nub-PB disturbs normal cellu-
lar organization in the anterior midgut epithelium. Taken together, these data 
suggest that normal midgut epithelium regeneration is altered in the nubPB-3

mutant.  

To investigate if Nub-PB affects the regeneration of the anterior midgut, we 
performed immunostaining to examine ISC proliferation and EE cell genera-
tion, using markers for mitosis (PH3), for adherens junction components and 
membrane staining (Arm) and for enteroendocrine cells (Pros). Strikingly, we 
observed an accumulation of ISC/EB pairs, increased ISC proliferation and 
enhanced EE generation in nubPB-3 anterior midguts, suggesting that loss of 
Nub-PB enhances EE production, possibly by increasing ISC proliferation. 
The JAK/STAT signaling pathway plays an important role in the maintenance 
of gut epithelium homeostasis. To examine if JAK/STAT activity is activated, 
we analyzed a JAK/STAT reporter line in nubPB-3 background. We found that 
the JAK/STAT activity was clearly upregulated in the nubPB-3 mutant, indicat-
ing that Nub-PB normally represses JAK/STAT activity in the anterior mid-
gut. Furthermore, we found that the JAK/STAT pathway is required for loss 
of Nub-PB-induced ISC hyperproliferation in the anterior midgut.

To investigate if Nub-PB is involved in infection-induced ISC proliferation, 
we infected nubPB-3 flies with Ecc15 and measured mitotic activity in the an-
terior midgut. As we expected, the results showed that Nub-PB is dispensable 
for Ecc15-induced ISC proliferation. Then, to examine if the high mortality of 
nubPB-3 flies after Ecc15 infection is due to gut epithelium leakage caused by 
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impaired epithelium regeneration, we performed the so called Smurf assay by 
feeding blue dye to nubPB-3 flies.  However, there were no obvious signs of gut 
leakage in nubPB-3 flies upon infection for 24h, suggesting that the nubPB-3 gut 
epithelium is intact and gut leakage is not a major cause of death.  

To analyse if the reduced survival after infection correlated with impaired 
AMP gene expression in the nubPB-3 mutant, we measured the expression of a 
few gut-specific AMP genes after Ecc15 infection. As we expected, the ex-
pression of several AMP genes tested in our experiments was not fully acti-
vated in nubPB-3 mutant upon oral infection when compared to control flies.  
This indicates that impaired AMP gene expression could be linked to the high 
mortality of nubPB-3 flies in response to Ecc15 oral infection.  

Conclusions  
● Loss of Nub-PB impairs normal midgut morphology and the cellular organ-
ization of its epithelium. 
● Loss of Nub-PB increases ISC proliferation and the number of differentiated 
EE cells. 
● Nub-PB is dispensable for infection-induced ISC proliferation. 
● Nub-PB represses JAK/STAT activity in the anterior midgut. 
● The ISC hyperproliferation caused by loss of Nub-PB is JAK/STAT-de-
pendent. 
● Flies lacking Nub-PB are susceptible to Ecc15 infection and face an early 
death.
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Future perspective 

In this thesis, we show that the nub gene itself is dispensable for adult ISC 
proliferation in basal conditions, indicating the existence of redundant effects 
from other genes.  It has been shown that both Nub and Pdm2, a nub paralog, 
are important regulators of the neural lineage NB>GMC-1>RP2 in Drosophila 
embryos, and that Pdm2 confers a redundant role with Nub during this lineage 
specification. In addition, our preliminary data indicates that Pdm2 is 
expressed in adult midgut. Thus, it is possible that Pdm2 can compensate for 
the loss of Nub protein in the nubE37 mutant and maintain ISC proliferation 
during normal gut epithelium regeneration. It would therefore be interesting 
to create a fly line that is mutant for both nub and pdm2, and then induce 
MARCM clones in the gut to test this possibility.  

The underlying mechanisms of the antagonistic regulation by Nub-PB and 
Nub-PD such as how Nub-PB and Nub-PD compete for binding to the target 
gene promoters, and how Nub-PD repression is relieved upon infection are
still unclear. Our unpublished data have shown that Nub-PD is a labile protein, 
suggesting that it might be degraded upon bacterial infection. It is, hence, 
plausible that infection-induced signalling triggers posttranslational modifica-
tions of Nub protein, leading to its degradation. Alternatively, posttransla-
tional modifications of Nub-PB and Nub-PD may lead to recruitment of dif-
ferent co-factors, so that Nub-PD recruits co-repressors in the absence of in-
fection, while Nub-PB recruits co-activators of immune gene expression dur-
ing infection. Such protein-protein interactions could of course also involve 
recruitment of chromatin modifying complexes. These hypotheses need to be 
experimentally investigated.  

The global mRNA expression profile analyses, which were carried out in guts 
of nub1 mutants and after overexpression of Nub-PB, led to the identification 
of upregulated genes that are known to be involved in ROS regeneration. It 
would therefore be interesting to investigate if ROS homeostasis in the gut 
epithelium is regulated directly by the Nub protein isoforms, before and after 
infection. If so, it will broaden our understanding of the role of Nub in regu-
lating innate immune responses in the gut.  
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