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Summary/Introduction  

 Self-renewal and differentiation of mammalian Hematopoietic Stem Cells (HSCs) are controlled by a 

specialized microenvironment called  “niche”. In the bone marrow, HSCs receive signals from both the 

endosteal and vascular niche. However, whether crosstalk exists between these two components has 

not been investigated. The Posterior Signalling Centre (PSC) of the larval Drosophila hematopoietic 

organ, the lymph gland (LG), plays a role equivalent to a niche, in regulating the balance between 

progenitor and differentiated blood cell. Here we report that the Drosophila vascular system 

contributes to LG cell homeostasis by regulating PSC function. Vascular cells produce Slit that activates 

Robo receptors in the PSC. Slit/Robo activation controls proliferation and clustering of PSC cells by 

regulating BMP/Dpp signalling, and small GTPase and DE- Cadherin, respectively. These findings 

reveal that signals from the vascular system control PSC morphology. Whether cross-regulation 

between endosteal and vascular niches exists in mammals is now an open question.  

 

The Drosophila larval hematopoietic organ, called the lymph gland (LG), develops in contact with the 

aorta, the anterior part of the cardiac tube, which corresponds to the Drosophila cardio-vascular system. 

Blood cells/hemocytes differentiate in the cortex of the LG, in a so-called cortical zone (CZ), from a pool 

of multipotent progenitors called prohemocytes present in the medullary zone (MZ) [1]. PSC/niche cells 

are clustered at the posterior end of the LG [2-4]. Several signalling pathways that control the LG the LG 

homeostasis, i.e. the balance between LG multipotent hemocyte progenitors and differentiated blood 

cells have been identified, among which Hedgehog (Hh) signalling from PSC to MZ  [5-16]. Like the niche 

in mammals, PSC size must be controlled to maintain normal LG hematopoietic homeostasis [2, 3, 5, 14, 

15, 17-21]. In PSC cells, Bone Morphogenetic Protein/ Decapentaplegic (BMP/Dpp) signalling activity 

controls niche size by repressing the proto-oncogene dmyc  [19]. Activation of BMP signalling in the PSC 

requires the expression of the Dally-like heparan sulfate proteoglycan (HSPG).  Nevertheless our 

knowledge of the molecular control of PSC morphology, i.e. cell numbers and clustering, and its activity, 



 

 

remains fragmentary. Our unpublished LG transcriptome analyses identify the Robo2 receptor as being 

expressed in the PSC, in addition to Dlp [19], thereby raising  the question of what role Slit/Robo 

signalling plays in these cells.  

Here we show that Slit/Robo signalling contributes to maintaining the size, the morphology and the 

function of the Drosophila hematopoietic niche. Robos receptors are required in PSC cells to control 

both the proliferation rate and clustering of these cells. The ligand Slit is expressed in the cardiac tube, 

i.e. the vascular system, and signals to Robos in the PSC. Our data establish that inter-organ 

communication between the cardiac tube and the PSC is required to preserve the morphology and 

function of the PSC.  

 

Results 

Abnormal PSC morphology in robo mutants  

Slit/Robo signalling is a key regulator of axon guidance, cell migration, adhesion and proliferation both in 

vertebrates and invertebrates [22-24]. Three Robo receptors and one Slit ligand are encoded in the 

Drosophila genome [22, 25, 26]. Examining the expression of Robo receptors by immunostaining with 

anti-Robo antibodies or by looking at the expression of HA-tagged endogenous alleles [27], showed 

Robo2 expression in PSC cells, crystal cells and in the cardiac tube (Fig 1a and S1c), whereas Robo1 was 

detected in the MZ , the cardiac tube and at low levels in the PSC (Fig S1a). Barely detectable levels of 

Robo 3 were present in PSC cells (Fig S1e). Thus, all three robos were expressed in the PSC with robo2 at  

the highest level.  To study the role of Robos in PSC cells during larval development, we used a PSC 

specific Gal4 driver (col-Gal4) to express dsRNA against either robo2 (robo2 KD) or all three robos 

termed (robo KD). Decreased robo2 expression in the PSC resulted in an increased PSC cell number (Fig 

1e, g). Furthermore, whereas PSC cells were clustered posteriorly in wild-type LGs (Fig 1a and Mov S1), 

the posterior clustering was lost in robo2 KD PSC (Fig 1e, h). A comparable PSC defect was observed in a 

heterozygous context where one copy of robo2 was missing (Fig 1b-d).  A complete rescue of PSC size 

and clustering was obtained when Robo2-HA was expressed in the PSC of robo2 KD larvae (Fig S1g-i), 



 

 

indicating that Robo2 was required in PSC cells to control their number and clustering. Reducing the 

expression of all three robos in the PSC (robo KD) aggravated PSC cell numbers and clustering defects 

(Fig 1f-h). Indeed, small clusters or individual PSC cells spread anteriorly along the surface of the LG (Fig 

1f and Mov S2). A similar phenotype was observed when using Antp-Gal4 as another PSC driver, 

confirming the requirement of Robo receptors in the PSC to control its morphology (Fig S1m, n). Down 

regulating all three robos led to a decrease of  all three Robos in PSC cells (Fig S1b, d, f) and generated a 

stronger PSC defect (Fig 1f-h)  compared to reducing robo2 alone (Fig 1e, g-h), indicating that robo 1 

and/or 3 might contribute to PSC morphology. However, no PSC defect was observed when dsRNA 

against robo1 or robo3 alone was expressed in PSC cells (Fig S1j-l). Altogether, these data indicated that 

robo2 was the main Robo receptor controlling PSC morphology and that robo1 and/or 3 are secondary 

contributors. 

To determine if PSC defects observed in robo KD PSC were linked to PSC cell mis-specification and/or 

dispersion, we examined the morphology of the PSC at different larval stages. Defects in robo KD PSCs 

were not observed in L1 larvae but were detected in L2 larvae and amplified in L3, suggesting that Robos 

were required  throughout larval development (Fig 2a-f). To go one step further, we used the temporal 

and regional gene expression targeting system (TARGET; Gal80ts/Gal4 expression system) [28]  to 

reduce robos in PSC cells at different time points during larval development. Loss of robos at either L1 or 

L2 stages led to PSC morphology defects, confirming the continuous requirement for robos (Fig 2g-j). To 

verify that scattered robo KD PSC cells were derived from PSC and not de novo re-specified MZ cells,  we 

turned to lineage tracing to mark all cells issued from the MZ, using the G-TRACE method with the 

dome-Gal4 MZ specific driver [2, 29]. We found no PSC cells, as labelled by Antp, expressing GFP in 

either wild-type or robo2 mutant (Fig 2k-n). This established that the scattered PSC cells observed in 

robo2 mutant LGs all originated from the PSC lineage. Altogether, these data indicated that during larval 

development robo KD PSC cells concomitantly over-proliferate and disperse.   



 

 

The control of PSC size was previously shown to be essential for LG hemocyte homeostasis [3, 5, 19, 21]. 

We therefore looked at hemocytes differentiation in col>robo KD conditions. Crystal cells and 

plasmatocytes, which are the two types of differentiated hemocytes found under normal conditions, 

were identified by proPO and P1 antibody staining, respectively. Compared to wild-type, fewer crystal 

cells and plasmatocytes were detected in robo KD LGs, confirming the relevance of the PSC size for 

normal LG hematopoiesis (Fig 1i-n). Hh expression in the PSC was shown to be required to maintain 

progenitors in the MZ and to block their differentiation [3]. As in wt, the Hh-GFP [15] transgene, a 

reporter of Hh expression in the PSC, was expressed in all PSC cells in a robo KD context (Fig S2).  This 

suggests that in robo KD mutants, the increased PSC size led to an increased production of Hh signal, 

among others, that acted non-cell-autonomously  and affected the LG homeostasis [3]. 

Slit expressed in the cardiac tube is required to control PSC morphology  

Slit is the single known Drosophila Robo ligand. High levels of Slit were detected in the cardiac tube (CT) 

and low levels in PSC cells (Fig 3a-b’).  Expression of slit dsRNA in the CT using the hand∆-Gal4 driver, 

resulted in barely detectable Slit levels in both the CT and  the LG (Fig S4a-b’), indicating that the source 

of Slit was the CT  and Slit  in the PSC  resulted from diffusion from the CT. In support of this conclusion, 

reducing slit expression (pcol>slit KD)  in PSC cells (Fig S4g, h) had no effect on PSC morphology, while 

reduction of slit expression specifically in the CT using either Hand∆-gal4 or another CT driver NP1029-

gal4 [30], led to both increased numbers and defective clustering of PSC cells (Fig 3c-f and S4c-d). PSC 

morphology defects observed in hand∆>slit KD LGs were rescued by co-expressing an active form of Slit 

(Slit-N) (Fig 3g-i, [31]), further confirming that Slit from the CT is required to control PSC morphology. A 

similar PSC phenotype was observed when one copy of slit was missing (Fig 3j-l). Slit ds RNA experiments 

were performed in larvae once the CT had formed to avoid any CT morphological defects due to 

Slit/Robo signalling requirement for embryonic CT development [32-36](Fig S4 e-f). To determine 

whether an ectopic source of Slit might affect the PSC we expressed Slit-N in the PSC, or MZ or CT cells. 

No effect on PSC morphology was observed, indicating that Slit from the CT is sufficient to activate Robo 



 

 

signalling in PSC cells (Fig S3g-l). Consistent with the increased PSC cell numbers observed in slit KD LGs, 

fewer crystal cells were present in the LGs when slit expression was downregulated in the CT (Fig 3m-o). 

Altogether, these data indicate that down-regulating slit in the CT caused a phenotype similar to 

downregulating robos in the PSC. These data demonstrate that Slit/Robo mediated communication 

between the vascular system and the PSC to control PSC cell number, clustering and ultimately function.  

Robo signalling controls PSC cell proliferation via the BMP signalling pathway and the accumulation of 

the Dally-like Heparan Sulfate Proteoglycan protein  

To determine whether cell proliferation was affected in robo KD, we analysed the expression of 

phospho-histone H3 (H3P), a M-phase marker, and calculated the mitotic index in the PSC and MZ+CZ 

(Fig 4a-c).  In agreement with the increased PSC size, the number of mitotic cells was statistically higher 

in the PSC of robo KD larvae than in wild-type. No change in the mitotic index in the other LG cells 

indicates that Robo receptors specifically modulated cell proliferation in the PSC without affecting the 

proliferation of other LG cells. Since proliferation of PSC cells is controlled by expression levels of the 

proto-oncogene dmyc  [19, 21], we questioned whether increased proliferation in the robo KD PSC was 

linked to dmyc regulation. In robo KD PSC, dmyc expression in the PSC was higher than wild-type (Fig 4 

d-f). We therefore asked whether decreasing dmyc could rescue robo KD PSC defects. Simultaneous 

reduction of  dmyc and robo (col>robo KD>dmyc KD) (Fig 4h, i) restored wt PSC cells numbers, but did 

not rescue clustering defects (Fig 4h, p), indicating that robos control PSC cell proliferation via dmyc 

regulation and clustering by other mechanisms. dmyc transcription in the PSC is under positive and 

negative regulation by Wnt/Wg and BMP/Dpp signalling, respectively (Fig 7  and [19]). We therefore 

wished to determine whether Wnt/Wg signalling was affected. D-frizzled 3 (Dfz3) is a target of the 

Wnt/Wg pathway [37], and the transgene Dfz3-RFP is a reporter of Wnt/Wg pathway activity in the PSC 

(Fig S6). Reduction of robo function in the PSC did not affect Dfz3-RFP expression, indicating that 

Wnt/Wg signalling was not impaired (Fig S6).  Furthermore, to determine whether BMP/Dpp signalling 

was affected, we analysed the expression of dad-GFP, a reporter of the pathway [19]. Reduction of robo 



 

 

function in the PSC led to a decrease in dad-GFP expression. This effect, however, was not uniform but 

varied from cell to cell independently of their position (Fig 4j-k and S5a). This stochastic reduction of 

dad-GFP expression indicated that Robo signalling was required for robust BMP activity in all PSC cells. 

Activation of BMP/Dpp signalling required the Dally-like (Dlp) Heparan Sulfate Proteoglycan in PSC cells 

[19]. A strong decrease in Dlp level was observed in robo KD PSC (Fig 4l-m’ and S5b). To define whether 

Robos regulate dlp levels at transcription or protein levels, we analysed both the expression of a GFP 

reporter under the control of the dlp promoter (dlp-GFP) and dlp  by qRT-PCR. In robo KD LGs, dlp-GFP 

expression was similar to wild-type (Fig 4q, r) and no change in dlp RNA levels could be detected (Fig 

S5c). This suggests that Robo signalling does not control dlp transcription but rather Dlp protein level in 

PSC cells. We then asked whether restoring dlp could rescue robo KD PSC defects. Overexpression of dlp 

in robo KD PSC (col>robo KD>dlp) did indeed result in a normal number of PSC cells but did not rescue 

their clustering (Fig 4i, n-p), indicating that Robos regulate PSC cell proliferation by controlling Dlp 

accumulation. Altogether, these data establish that Robo signalling regulates PSC cell number by 

controlling BMP/Dpp signalling in PSC cells via the regulation of Dlp accumulation and in turn dmyc 

expression. 

 Robo signalling controls PSC cell numbers and their clustering via DE-cadherin 

The next step was to address how Robo signalling could control PSC cell clustering. Robo signalling 

inhibits cadherin-mediated adhesion in various cell types both in vertebrates and in Drosophila [32, 34, 

38]. DE-cadherin has been reported to be expressed in the MZ of L3 larval LGs [3, 39]. To examine its 

expression in the PSC during larval development, we used  a GFP tagged DE-Cadherin (DE-CadGFP)  

expressed under its endogenous promoter [40]. In wild-type LGs, DE-CadGFP was detected in the PSC at 

the L2 stage. Barely detectable levels were observed in L2 robo KD PSCs, compared to wild-type, 

indicating that Robos controlled DE-CadGFP accumulation in PSC cells (Fig 5a-b’). To test whether DE-

cadherin is required for PSC cell clustering, we expressed DE-cadherin dsRNA in PSC cells. We observed 

that 33% of the LGs (n=44 lobes) exhibited a defect in PSC cell clustering (Fig 5f). Unexpectedly, an 



 

 

increased number of PSC cells was also found (Fig 5c-e), indicating that DE-cadherin was required to 

control both PSC cell numbers and clustering. We then asked whether the increased proliferation of PSC 

cells observed upon DE-cadherin removal from the PSC was linked to impairment of BMP/Dpp signalling. 

For this we examined dad-GFP expression and Dlp accumulation (Fig S7). Reduced DE-Cadherin in the 

PSC led to decreased dad-GFP and Dlp expression, suggesting that DE-Cadherin was required for normal 

accumulation of Dlp protein in PSC cells and, in turn BMP activity and, ultimately PSC cell number.  DE-

cadherin (shg) heterozygous mutants showed a mild PSC phenotype that was increased in robo2 and DE-

cadherin trans-heterozygous mutant LGs confirming that DE-cadherin and Robo2 acted together to 

control PSC morphology (Fig 5g-j). Furthermore, while overexpression of DE-cadherin in the PSC had no 

effect by itself, overexpression of DE-cadherin in robo KD LGs partially rescued PSC cell numbers (Fig 5k-

m).  Furthermore, although the rescue of PSC cell clustering is non-significant, the overexpression of DE-

Cadherin in robo KD LGs attenuates the PSC clustering defect of robo KD alone (Fig 5 N). The method 

used to quantify PSC clustering, reflects PSC cells dispersion of but does not take into account the 

number of PSC cells clusters. Counting PSC cells clusters indicate that while an average of 27 clusters  

(n=26 lobes) was measured in robo KD,  approximately 5 (n=20 lobes)  were observed when DE-cadherin 

was overexpressed in robo KD. This indicates that the overexpression of DE-cadherin in robo KD favour 

the formation of larger PSC cell clusters compared to robo KD, and thus it  indicates a partial rescue of 

the PSC cell clustering defect. In conclusion, Robos are necessary for the accumulation of DE-cadherin in 

PSC cells, which in turn controls both their numbers and clustering. 

Robo signalling controls PSC cell clustering by repressing Cdc42 activity 

Incomplete rescue of the robo KD PSC clustering phenotype by DE-cadherin overexpression indicated 

that other Robo signalling targets were involved. The small RhoGTPase Cdc42, which acts on actin 

dynamics, was one obvious candidate since many studies have shown that Robo signalling represses 

Cdc42 activity [26, 41]. While the expression of a dominant negative form of Cdc42 (Cdc42DN) in the 

PSC did not affect clustering but slightly decreased the number of PSC cells (Fig 6f, h-i), the expression of 



 

 

a constitutively active form (Cdc42CA) led to a clustering defect without affecting PSC cell numbers (Fig 

6a-d). These data indicate that Cdc42 must be inactivated to maintain PSC cell clustering. To determine 

whether Cdc42 inactivation and Robo signalling were functionally linked, we performed rescue 

experiments. The expression of the inactive form (Cdc42DN) in robo2 KD PSC rescued cell clustering 

defects (Fig 6e-i), showing  that Robo signalling controls PSC cell clustering by repressing Cdc42 activity.  

Vilse encodes a Rho GAP that binds a conserved domain, CC2, in the intracellular part of Robo1 and links  

Robo1 signalling to rac and Cdc42 activities in Drosophila tracheal cells and axons [42, 43]. However, 

Vilse does not bind the Robo2 receptor [28, 42]. We analysed the PSC morphology in vilse1/+ 

heterozygous mutant LGs.  While no change in PSC cell numbers was observed, there was a clustering 

defect (Fig 6j-m), suggesting that vilse could contribute to PSC cell clustering. To test this possibility we 

performed rescue experiments by overexpressing vilse in robo KD PSCs. We observed 60% of the LGs (n= 

10 lobes) have not clustering defects indicating a partial rescue of PSC cell clustering defect (Fig 6q). 

Altogether, this suggests that vilse might function downstream of Robo signalling to control PSC cell 

clustering via regulating Cdc42 activity.    

Discussion 

The dependence of hematopoietic cell homeostasis on signals from the niche has been 

established in both vertebrates and Drosophila [2, 3, 44-47]. Like the niche in mammals, PSC size must 

be controlled to maintain normal LG hematopoietic homeostasis.  However, mechanisms controlling the 

size and the morphology of the niches are poorly understood. Here we provide evidence that the 

Drosophila  cardiac tube (CT) is required to maintain the PSC morphology and in turn its function.  This is 

the first demonstration that communication between the vascular system and the hematopoietic niche 

exists in Drosophila. We establish that this communication is mediated by Slit/Robo signalling. Slit from 

the CT activates Robo receptors in the PSC which control both the number and clustering of PSC niche 

cells. Our data reveal a new signalling cascade, with Robo  acting on the accumulation of the HSPG Dally-

like (Dlp), required for BMP/Dpp signalling in the PSC,  and controlling PSC cell proliferation via dmyc 



 

 

repression. Furthermore, our data establish that Slit/Robo signalling also acts via DE-Cadherin 

upregulation and Cdc42 inactivation in order to modulate PSC cell clustering.  A summary integrative 

model is given in Fig 7.  

Since its discovery as a key regulator of axon guidance, both in Drosophila and in vertebrates, the 

Slit/Robo signalling pathway has been implicated in the regulation of different developmental processes, 

including cell adhesion, cell migration and cell proliferation, depending upon the tissue context. 

Furthermore, it has been shown to act either as an oncogene and/or a tumor suppressor [22, 24, 48].   

Our finding that Slit/Robo signalling regulates both proliferation and clustering of Drosophila PSC cells, is 

the first demonstration that  this pathway signalling can coordinate both processes in the same group of 

cells. An independent study reported that bag of marbles (bam), a putative translational regulator, 

controls the number and clustering of PSC cells, through its interactions with the Insulin-like growth 

factor pathway and Retinoblastoma (Rbf)-family protein [21].  It has been proposed that Bam/Rbf could 

regulate PSC cell numbers by repressing dmyc expression in parallel to BMP(Dpp)/Wnt(Wg) signalling, 

but the PSC clustering defect was not addressed. Thus, several signalling pathways may converge to 

regulate precisely the number and clustering of PSC cells. Whether Robo signalling and Bam/Rbf interact 

to control PSC cell clustering remains an open question. 

 Previous studies established that Slit/Robo signalling  regulates cell motility or adhesion by controlling 

the activity of small Rho GTPases such as  Rho, Rac, and Cdc42 and Cadherin, but the underlying 

molecular mechanisms are poorly understood [26, 38, 49]. In Drosophila tracheal cells and axons, 

activation of Robo1 by Slit results in the recruitment and activation of Vilse, a Rac/Cdc42 GAP. Vilse 

binds to one conserved domain (called CC2) of the intracellular domain of the Robo1 receptor, while 

Robo2 lacks this domain [42, 43]. We have now shown that PSC cell clustering requires the inactivation 

of Cdc42 under the control of Slit/Robo signalling and that Vilse could contribute to this process, 

probably by binding Robo1. However, Robo2 is the main actor in the PSC, and the mechanisms by which 

it represses Cdc42 activity remain to be discovered.  



 

 

Proper formation of the Drosophila embryonic  cardiac tube requires both Robo1 and Robo2 receptors, 

which act in part by controlling the dynamic distribution of DE-Cadherin in post-mitotic cardiomyocytes 

during lumen formation [32-34, 36]. Our data show that Slit/Robo signalling controls the expression of 

DE-Cadherin in PSC cells and that DE-Cadherin regulates PSC cell clustering and proliferation,  via the 

regulation of the HSPG Dlp accumulation. Previous studies performed in mammary epithelial tumor cells 

pointed to coordinated changes in the expression of Syndecan1, another transmembrane HSPG, and E-

Cadherin during epithelial cell transformation [50]. Together, these studies and our data suggest that 

HSPG distribution by Cadherin was used both in mammals and in invertebrates and could be involved in 

either normal or tumorigenic processes.  

In mammals the micro-environment that controls HSC self-renewal and differentiation in the bone 

marrow has two components: an endosteal (osteoblastic) niche and a vascular niche [45-47]. Even 

though there is a growing body of knowledge on mammalian hematopoietic niche function, the 

importance of crosstalk between the endosteal and vascular niches has not been addressed so far. Our 

study in Drosophila demonstrates for the first time communication between the vascular system and 

the hematopoietic niche, raising the question of whether this communication also exists between the 

endosteal and vascular niches in mammals. Recent profiling studies indicate that Slit ligands (Slit1-3) and 

Robo receptors (Robo 1-4) are expressed in the mouse bone marrow [51-53]. Considering the low 

genetic redundancy in Drosophila, and the high degree of conservation of fundamental cellular functions 

and signalling pathways between Drosophila and vertebrates, there is promise that our newly identified 

regulation will guide further work in the more complex process of mammalian hematopoiesis.  
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Figure Legends 

Figure 1: Robo2 receptor is expressed in PSC cells and Robo signalling controls PSC cell number, 

clustering and function.  

(a) Robo2-HA (HA, green) in the LG is expressed in PSC cells marked by Col (red). (a’, a”) Enlarged views 

showing co-localization of Col with Robo2-HA. (b) robo2
Ex33

/+ heterozygous mutant LGs display a larger 

and disrupted PSC as stained by Antp (red). (e,f) PSC cells are stained by Col (red, e) or Antp (red, f) or 

express mcd8-GFP (col>GFP, green, f). Reducing robo2 (robo2 KD) (e) or robo1, 2 and 3 simultaneously 

(robo KD) (f) in the PSC leads to an increased number of PSC cells and their deficient clustering. (c, g) 

Quantification of PSC cell numbers. (d, h) Quantification of PSC cell clustering. (i, j) wt (i) and robo KD (j) 

LGs stained for PSC cells (Col, green) and crystal cells (proPO, red). Compared to wt LGs (i) fewer crystal 

cells differentiate in robo KD  lymph glands (j). (k) Crystal cell index. (l, m) wt (l) and robo KD (m) LGs 

stained for plasmatocyte (P1, red). Compared to wt LGs (l) fewer plasmatocytes differentiate in robo KD  

lymph glands (m). (n) Plasmatocyte index. For all quantifications and in all figures: error bars represent 

SEM and *P<0.1; **P<0.01; ***P<0.001; ****P<0.0001 and ns (not significant); Student t test. In all 

figures nuclei are labelled with Topro or DAPI (blue) and scale bars: 10µm. 

 

 



 

 

Fig 2: Robo receptors are required to control PSC morphology during larval development and MZ 

lineage tracing. 

 (a-f) Antp (red) and GFP (green) label PSC cells in control (col>GFP) (a-c) and in col>robo KD LGs (d-f). (a, 

d) L1 larvae, (b, e) L2 larvae and (c, f) early L3 larvae.  (g, j) Antp (red) and GFP (green) label PSC cells in 

Gal 80ts context;  control (col>) (g, i) and in col>robo KD LGs (h, j). The temperature shift (18°C to 29°C) 

was performed in L1 (g, h) or L2 (i, j) and LG were analysed in L3. (k-n) Antp (red) labels PSC cells (k,m) 

and GFP (green) labels MZ lineage traced cells in control (dome>Flp; ubi>FRT>GFP) (k, l) and in 

robo2
Ex33

/+ heterozygous mutant (dome>Flp; ubi>FRT>GFP; robo2
Ex33

/+) (m, n).  Nuclei are labelled with 

DAPI (blue) (a-n). Scale bars: 10µm. 

Figure 3 : Slit expressed in the cardiac tube is required to control PSC morphology.  

(a-b’) PSC cells express GFP (col>GFP, green) under the PSC col driver. Slit (red in a, b and white in b’) is 

expressed at high levels in the cardiac tube indicated by a star. (b-b’) Enlarged views showing weak Slit 

expression in PSC cells (red in b and white in b’). (c, d) PSC cells are labelled by Col (red) and the cardiac 

tube expresses GFP under the control of the cardiac tube driver Hand∆ (hand∆>GFP, green). Compared 

to control (c), reducing Slit levels in the cardiac tube leads to an increased number of PSC cells and the 

loss of their clustering (d). (e, f) Quantification of PSC cell numbers and PSC cell clustering, respectively. 

(g) Antp (red) labels PSC in hand∆>slit KD>Slit-N. The slit KD PSC defect is rescued by Slit-N 

overexpression in the CT. (h, i) Quantification of PSC cell numbers (h) and PSC cell clustering (i);  * 

corresponds to the comparison to wt, whereas * above a bar indicates the two conditions being 

compared. (j) Antp (red) labels the PSC in slit
2
/+ heterozygote mutant. (k, l)  Quantification of PSC cell 

numbers (k) and PSC cell clustering (l). (m, n) crystal cells are labelled by proPO antibody (red) and the 

cardiac tube expresses GFP (hand∆>GFP, green) under the control of the cardiac tube driver Hand∆. 

Fewer crystal cells differentiate in LGs when slit expression is decreased in the cardiac tube (n), 

compared to wt (m). (o) Crystal cell index in (m, n) contexts. 



 

 

Figure 4: Robo receptors in the PSC control PSC cell proliferation through the activation of the 

BMP/Dpp signalling pathway and the accumulation of the Dally-like Heparan Sulfate Proteoglycan 

protein.  

(a, b) H3P staining (red) in the presence or absence of robos in PSC cells (green). (c) Mitotic index in the 

PSC and (MZ+CZ) in wt and robo KD LG. (d-e’) PSC cells express RFP (red) under the PSC col driver in wt 

(d) and in robo KD (e). dmyc staining (green) (d, e) and white (d’, e’). (f) Quantification of dmyc mean 

intensity in PSC cell in wt and in robo KD. (g, h) PSC cells are stained by Antp (red) and express GFP ( 

Col>GFP, green). Reduction of dmyc expression in the PSC (g) slightly reduces the number of PSC cells; 

dmyc reduction in robo KD PSCs rescues the number of PSC cells but not their clustering (h). (i, p) 

Quantification of PSC cell numbers (i) and PSC cell clustering (p) under various mutant conditions. (j, k’) 

dad-GFP (green) is expressed in PSC cells labelled by Col (red). Compared to wt (j, j’) robo KD PSC (k, k’) 

expresses a lower level of dad-GFP. (l-m’) Dlp (red) is expressed in PSC cells labelled by GFP (green). 

Compared to control (l, l’), robo KD PSC (m, m’) expresses a lower level of Dlp. (n, o) PSC cells express 

GFP (green) and are stained by Antp (red). The overexpression of Dlp in the PSC slightly reduces the 

number of PSC cells (n, i), in robo KD this restores a wt number of PSC cells but not their clustering (o, i, 

p). (q, r) Antp (red) and Dlp-GFP (green) label PSC cells in wt (q) and robo KD (r). All PSC cells express GFP 

both in wt and robo KD .  

 

Figure 5: Robo receptors control the number and clustering of PSC cells via DE-cadherin. 

 (a-b’) L2/Early L3 LGs where DE-Cadherin-GFP (green in a, b; black in a’, b’) is expressed in PSC cells 

labelled by Antp (red in a, b). Compared to wt (a, a’) robo KD LGs (b, b’) express a lower level of DE-

Cadherin-GFP in the PSC. (c, d) Antp (green) and RFP (col>moeRFP, red) label PSC cells in control (c) and 

in col>DE-cadherin KD PSC (d). (e, f, i, j, m, n) Quantification of PSC cell numbers (e, i, m) and PSC cell 

clustering (f, j, n) in various mutant conditions. Reduction of DE-cadherin in the PSC (d) leads to an 

increased number of PSC cells compared to control (c). Averaging the clustering of all DE-Cad KD LGs 



 

 

(n=44 lobes) does not reveal a significant clustering defect. However, these LGs can be divided into two 

classes: clustered (66%) and unclustered (33%), revealing a clustering defect (f). (g, h) Antp (red) labels 

the PSC in DE-cadherin mutant (shotgun, shg) shg
GE13814

/+ heterozygote (g) and shg
GE13814

/+; robo2
EX33

/+ 

trans-heterozygote mutant (h). A stronger PSC defect is observed in shg
GE13814

/+; robo2
EX33

/+ trans-

heterozygote compared to the single shg
GE13814

/+   heterozygous mutants. For robo2
Ex33

/+ trans-

heterozygote mutant, analysed in parallel to shg
GE13814

/+; robo2
EX33

/+ trans-heterozygote, the 

quantification of PSC cell numbers and clustering for robo2 
Ex33

/+ heterozygote is given in Fig 1c-d. (k, l) 

Antp (red) and GFP (green) label PSC cells when DE-cadherin (DE-Cad) is overexpressed (k) or when robo 

KD and DE-cadherin are co-expressed in the PSC (l).  

 

Figure 6: Robo receptors control PSC cell clustering by repressing Cdc42 activity. 

(a, b) LifeactGFP (green) is expressed in PSC cells under the control of the col driver (col>) (a) and co-

expressed with a constitutive form of Cdc42 (cdc42-CA) (b). (c, d) Quantification of PSC cell numbers (c) 

and PSC cell clustering (d). (e-g) Antp (green) and RFP (col>moeRFP, red) label PSC cells in robo2 KD (e), 

when a dominant negative form of Cdc42 (cdc42-DN) is expressed (f) or when robo2 KD and cdc42-DN 

are co-expressed in the PSC (g). While the expression of cdc42-DN has no major effect on PSC cells (f), its 

co-expression in robo2 KD (g) rescues the robo2 KD PSC defect (e). (h, i) Quantification of PSC cell 

numbers (h) and PSC cell clustering (i). (j, k) Antp (red) labels PSC cells in vilse
1
/+ heterozygous mutant (j) 

and in vilse1/+; robo2
Ex33

/+ trans heterozygous mutant (k).  (l, m) Quantification of PSC cell number (l) 

and PSC cell clustering (m). A PSC cell clustering defect is observed in vilse
1
/+ heterozygous mutant. (n, 

o) Antp (red) labels PSC cells in col>vilse (n) and  col>vilse>robo KD (o). (p, q) Quantification of PSC cell 

numbers (p) and PSC cell clustering (q). Averaging the clustering of all col>robo KD>vilse LGs does not 

reveal a significant clustering defect (Fig 6q). However, these LGs (n= 10 lobes) can be divided into two 

classes: clustered (60%) and unclustered (40%), revealing a partial rescue of PSS cell clustering defect. 

Nuclei are labelled with Topro (blue). Scale bars: 10µm. 



 

 

 

Figure 7:  A integrative model for the role of Robo signalling in the PSC  

 Schematic diagram of a wt LG, with the PSC in red, the MZ in green, the CZ in blue and the CT in grey. 

Slit from the CT activates the Robo signalling pathway in the PSC. Robo signalling controls PSC cell 

clustering and proliferation. The maintenance of PSC morphology is required to maintain LG 

homeostasis. Proposed interactions between Robos, BMP/Dpp signalling, DE-Cadherin and Cdc42 

activity for the control of PSC cell proliferation and clustering are indicated. Dlp expression in the PSC is 

also controlled by Collier/Knot (Col/kn) transcription factor, and Wnt/Wg signalling activates dmyc 

expression [19]. 

 

Supplementary figures 

Sup Fig 1 : Robo 1, 2 and 3 are expressed in the LG and  are are required to control PSC morphology . 

(a-f”) PSC cells express GFP (green) under the PSC col driver in wt (a, c, e) and in robo KD ( b, d, f). LGs 

and enlarged views of PSCs stained by Robo1 (red in a, a’, b,  b’ and white in a”, b”), Robo2 (red in c, c’, 

d, d’ and white in c” and d”) and Robo3 (red in e, e’, f,  f’ and white in e”, f”). Arrows indicate crystal cells 

and a star indicates the cardiac tube. (g) Antp (red) labels PSC cells in col>robo2 KD>robo2-HA. (h, i) 

Quantification of PSC cell number (h) and PSC cell clustering (i).  (j-l) PSC cells express GFP (green) under 

the PSC col driver in wt (j), in robo1 KD (k) and in robo3 KD (l). (m, n) Antp (red) labels PSC cells in wt (m) 

and in antp>robo KD (n). Nuclei are labelled with DAPI (blue). Scale bars: 10µm. 

Sup Fig 2: Robo receptors are not required for Hh expression in the PSC . 

(a-c’) hh-GFP (green) labels PSC cells in control (a, a’) and in robo KD LGs (c, c’); Antp (red) labels PSC 

cells (a, c). (b) Quantification of Hh-GFP mean intensity in PSC cell. Nuclei are labelled with Topro (blue) . 

Scale bars: 10µm. 

Sup Fig 3: Ectopic expression of robo2 or slit in the LG does not affect PSC morphology.  



 

 

(a, d, g) PSC cells express GFP (green) under the PSC col driver in wt (a) and in conditions of  robo2-HA 

(d) or slit-N (g) over/ectopic expression.  (b, e, h) Antp (red) labels PSC cells, GFP (dome>GFP, green) 

labels MZ cells in control (b) and in conditions of robo2-HA (e) or slit-N (h) ectopic/overexpression. (c, f, 

i) Antp (red) labels PSC cells, GFP (hand∆>GFP, green) labels CT cells in control (c) and in conditions of  

robo2-HA (f) or slit-N (i) ectopic/overexpression. (j-l) Quantification of PSC cell number when col (j), 

dome (k) and hand∆ (l) drivers are used. Nuclei are labelled with Topro (blue) (a-i). Scale bars: 10µm. 

Sup Fig 4: slit dsRNA treatment strongly reduces the amount of Slit in the cardiac tube (CT) and does 

not affect CT morphology. 

 (a, a’) hand∆> and (b, b’) hand∆>slit KD LGs stained for Slit (red in a, b ; black in a’, b’). Dashed lines 

delineate the CT (*) and the LG. (c, d) Antp (red) labels PSC cells in control (NP1029>GFP)(c) and in slit 

KD mutant (NP1029>GFP>slit KD) (d). Antp (red) labels also cardiac cells (arrowhead in d).  (e, f) (GFP) 

labels the CT in control (hand∆>GFP) (e) and in slit KD (hand∆>slit KD) (f). 3D reconstructions of the CT,  

indicate that no defect in CT morphology is observed in slit KD. None of the two CT drivers, Hand∆ (e) or 

NP1029 (c) is expressed in the LG.  (g, h) Col (red) labels the PSC in control (g) and in LG where Slit is 

decreased in PSC cells (col>slit KD) (h). No defect in PSC morphology is observed in col>slit KD. Nuclei are 

labelled with DAPI (blue). Scale bars: 10µm.  

Sup Fig 5: Measurement of dad-GFP and Dlp intensity in robo KD mutant.   

(a, b) dad-GFP (a) and Dlp (b) mean intensity in PSC cells in wt and in robo KD. (c) Quantitative RT-PCR of 

dlp relative to antp in wt and robo KD dissected LGs.  

Sup Fig 6: Activity of the Wnt/Wg pathway is unaffected in robo KD PSC.  

(a-c’) Dfz3-RFP (red in a-c; black in a’-c’) and GFP (green in a-c) under the control of the col driver 

(col>GFP) in wt PSC (a, a’), in robo KD PSCs (b, b’) and in a PSC expressing a Dominant Negative form of 

dTCF (dTCF
DN

) (c,c’). Whereas a weaker than normal RFP staining is observed in the PSC cells when the 

Wnt/Wg pathway is inactivated (c, c’) no change is observed in robo KD (b, b’) compared to wt PSC (a, 



 

 

a’). Dashed line visualizes the PSC. (d) The intensity of RFP per PSC cell relative to other LG cells is given. 

Nuclei are labelled with DAPI (blue) (a-c). Scale bars: 10µm. 

Sup Fig 7: DE-Cadherin controls Dlp and BMP/Dpp activity in the PSC.  

(a-b’) the PSC is visualised by lifeactGFP (green) in control (a, a’) and DE-Cad KD (b, b’) and  Dlp 

expression is in red.  Dashed line visualizes the PSC. (c) Quantification of Dlp means intensity in PSC cells. 

(d-e’)Antp (red) labels the PSC in control (d, d’) and in DE-Cad KD(e, e’), dad-GFP is in green. (f) 

Quantification of dad-GFP mean intensity in PSC cells. Decreasing DE-Cadherin in the PSC leads to the 

decrease of both Dlp (b, c) and dad-GFP (e, f) expression in PSC cells. Nuclei are labelled with Topro 

(blue). Scale bars: 10µm. 

Movie S1 and S2: Robo signalling in the PSC controls PSC cell numbers and their clustering.  

3D reconstruction of LGs expressing lifeactinGFP in the PSC (green) in control (S1) and robo KD (S2) 

larvae. 

Materials and methods  

 

Fly strains: w
118

(wt) , UAS-mcd8GFP [2], dad-GFP (J. Casanova, Institut de Biologia Molecular de 

Barcelona, Barcelona, Spain), robo2
Ex33

 (G. Bashaw, University of Pennsylvania School of Medicine, 

Philadelphia, USA), Robo2-HA (B. J. Dickson, Research Institute of Molecular Pathology, Vienna, Austria), 

vilse
1
 and UAS-vilse (C. Samakovlis, Wenner-Gren Institute, Stockholm, Sweden), UAS-DE-cadherin and 

UAS–dmyc ds (C. Benasayag, Centre de Biologie du Développement, Université Toulouse III, Toulouse, 

France), DE-cadherin-GFP (Y. Hong, University of Pittsburgh School of Medicine, Pittsburgh, USA), antp-

Gal4 and UAS-RedStinger, UAS-ubi-STOP-Stinger, UAS-Flp/CyO (G-TRACE),  (U. Banerjee, Molecular 

Biology Institute, University of California, Los Angeles, USA) , hand∆−Gal4 and NP 1029-Gal4 (L. Perrin, 

TAGC/UMR 1090, Université, Aix Marseille, France), UAS-robo1,2,3 ds (robo KD) and UAS-Slit-N (T. Volk, 

Weizmann Institute of Science, Israel), Dlp-GFP (D. Harrison, University of Kentucky, USA), Dfrz3-RFP 

(gift from Dani Osman), dad-GFP, Hh-GFP and col-Gal4 [2], dome-Gal4 [2]. RNAi strains were provided by 



 

 

the Bloomington and the Vienna Drosophila RNAi stock centres: islit ( VDRC 108853 and BL 31467), 

irobo1 ( VDRC 100624 and BL 31663), irobo2 (VDRC 11823 and BL 34589), irobo3 (VDRC44702 and BL 

29398) and iDE-cad (VDRC 103962). For islit and irobo2 we mainly used VDRC 108853 and BL 34589, 

respectively. All other strains were provided by the Bloomington stock center. For RNAi treatments, 

UAS-Dicer 2 was introduced and Drosophila development proceeded at 18°C until L1 stage before 

shifting to 29°C.  

Antibody staining  

Staining procedures were performed as described elsewhere[19, 54], using mouse anti-Col (1/200; [2]; 

guinea-pig anti-Col (1/5000; A. Moore, Doshisha University, Kyotanabe, Kyoto, Japan); rabbit anti-H3P 

(1/200; Upstate Biotechnology); mouse anti-proPO (1/200; T. Trenczel, Justus-Liebig-University Giessen, 

Giessen, Germany); anti-P1 (1/30; I. Ando, Institute of Genetics, Biological Research Center of the 

Hungarian Academy of Science, Szeged, Hungary) ; mouse anti-Antp (1/100),  anti-Dlp (1/50), anti-Robo1 

(1/10), anti-Robo3 (1/10) and anti-slit (1/10; Hybridoma Bank), rabbit anti-Robo2 (1/200; B. J. Dickson, 

Research Institute of Molecular Pathology, Vienna, Austria),  mouse anti-HA (HA11; 1/100; Covance). 

Quantification of PSC cell numbers 

In all experiments, all genotypes were analysed in parallel and quantifications (either for PSC cell 

number  or PSC cell clustering) given in one panel correspond to one experiment. Each experiment was 

repeated independently at least three times. PSC cells were counted manually using Fiji multi-point tool 

software. Statistical analyses t test (Mann–Whitney nonparametric test) was performed using GraphPad 

Prism 5 software. 

Quantification of PSC cell clustering 

3D Volocity software was used to define the ROIs (Region Of Interests) corresponding to the PSC  

stained by either Antp, or GFP, or RFP expressed under a PSC driver.  The “close” function was used to 

increase artificially the size of the ROIs, leading to fusion of the touching areas. The number of iterations 

of the “close” function was increased until the number of ROIs per lobe reached one. The more 



 

 

scattered was the PSC, the more distant were the initial ROIs, and the higher was the iteration number. 

The number of iterations thus measures “PSC cell clustering”. For computing time reasons, the iteration 

maximum was stopped at 50 times. 

 Quantification of expression intensity per cell 

3 slides per stack were analysed. Fiji software was used to define the ROIs (Region Of Interests) 

corresponding to PSC cells. The mean intensity for Hh-GFP, Dad-GFP and Dlp in each ROI was quantified. 

For nuclear staining such as for Hh-GFP and Dad-GFP, Antp labelling was used to define ROIs. For 

membrane staining such as for Dlp, mcd8-GFP expressed under the Pcol driver was used to define ROIs.  

Mitotic index measurement 

For counting mitotic cells, anti-H3P staining was performed on Pcol>GFP (GFP-labelled PSC cells) and 

Pcol>GFP>robo KD LGs. The  lymph gland size fluctuates from one larva to another, even in synchronised 

wild type larvae. Measuring the mitotic index is therefore the most reliable way to determine how 

proliferation is affected in a given mutant context, since it takes into account the variation in size 

between individual LGs of the same genotype. The mitotic index in the PSC was measured by dividing 

the total number of PSC cells by the number of H3P positive cells. The mitotic index in the MZ and CZ 

was measured by dividing the total number of MZ and CZ cells by the number of H3P positive cells. 

Using ICY software, the total number of cells stained by DAPI in the PSC, MZ and CZ was quantified, and 

the number of mitotic figures in a given LG was counted. At least 14 anterior lobes were scored per 

genotype. Statistical analyses t test (Mann–Whitney nonparametric test) was performed using GraphPad 

Prism 5 software). 

Crystal cell and plasmatocyte quantification 

Lymph glands were stained with proPO antibody (crystal cell) or P1 antibody (plasmatocyte) and DAPI or 

Topro (nuclei). Optimized confocal sections were done on Leica SPE or Zeiss 710 microscopes for 3D 

reconstructions. The number of crystal cells, the volume (in µm
3
) of plasmatocytes and the volume (in 

µm
3
) of each anterior lobe, were measured using Volocity 3D Image Analysis software (PerkinElmer). 



 

 

Crystal cell index corresponds to the number of crystal cells/ (primary lobe volume/10000). 

Plasmatocyte index corresponds to the plasmatocyte volume/primary lobe volume. At least 15 anterior 

lobes were scored per genotype. Statistical analyses t test  (Mann–Whitney nonparametric test) were 

performed using GraphPad Prism 5 software. 

Intensity Ratio for dfz3-RFP 

The mean intensity of dfz3-RFP staining per cell was determined using Fiji software. To calculate the 

intensity ratio of dfz3-RFP in PSC cells, the mean intensity of dfz3-RFP staining for five randomly selected 

PSC cells, was divided by the mean intensity of dfz3-RFP staining for five randomly selected MZ or CZ 

cells. Statistical analyses t test (Mann–Whitney nonparametric test) were performed using GraphPad 

Prism 5 software.  

3D reconstruction Movies 

LifeactinGFP was expressed in wt and robo KD PSC cells. Optimized z stacks where performed on 

Zeiss710 confocal microscope.  PSCs 3D reconstruction and rotation were performed using 3D viewer 

plugin of Fiji software. 
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médecine/sciences La niche 
hématopoïétique 
de la drosophile
Un modèle d’étude in vivo 
du microenvironnement 
contrôlant les cellules 
souches hématopoïétiques
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> Le maintien et la fonction des cellules souches 
qui assurent le renouvellement des tissus sont 
dépendants du microenvironnement de ces 
cellules, désigné par le terme « niche ». Chez les 
mammifères, plusieurs voies de signalisation ont 
été impliquées dans les communications entre 
les cellules souches hématopoïétiques et leur 
niche. Nos connaissances de ces communications 
restent cependant fragmentaires. La découverte 
chez la drosophile d’une niche hématopoïétique, 
le posterior signaling center (PSC), a ouvert de 
nouvelles possibilités d’études génétiques. Le 
nombre des cellules du PSC est déterminant 
pour l’homéostasie entre progéniteurs 
hématopoïétiques et cellules différenciées. 
Le décryptage d’une cascade de signalisation 
contrôlant cette taille a établi de nouveaux 
parallèles entre la drosophile et les mammifères, 
et ouvert de nouvelles perspectives d’étude chez 
l’homme. < CSH [1-6] (Figure 1). Cependant, bien que le concept de niche ait été 

proposé dès 1978 [7], les relations fonctionnelles entre niches et CSH 
restent mal connues. La découverte d’une « niche hématopoïétique » 
chez la drosophile ouvre de nouvelles possibilités pour étudier in vivo 
comment le microenvironnement contrôlant l’autorenouvellement et la 
différenciation des progéniteurs hématopoïétiques est lui-même régulé.

Avantages du modèle drosophile pour des études in vivo

La majorité des gènes qui régulent l’hématopoïèse sont conservés au 
cours de l’évolution, de la drosophile aux vertébrés [8]. La redon-
dance fonctionnelle entre gènes/protéines d’une même famille étant 
beaucoup moins importante chez la drosophile, ce modèle facilite 
les analyses fonctionnelles in vivo [9]. La drosophile présente aussi 
un temps de génération court et offre une panoplie de techniques 
génétiques sophistiquées. Enfin, alors que chez les vertébrés l’héma-
topoïèse adulte se situe dans la moelle osseuse, elle a lieu chez la 
drosophile dans un organe facilement accessible et manipulable in 

vivo : la glande lymphatique.

L’hématopoïèse chez la drosophile

L’hématopoïèse de la drosophile, à l’origine des cellules sanguines 
(appelées hémocytes chez les insectes), se déroule en deux vagues 
successives au cours du développement (pour revue voir [10,11]).

Centre de biologie 
du développement, UMR 5547 
CNRS/UPS, Toulouse III, 118, 
route de Narbonne, 
31062 Toulouse Cedex 9, France.
I. Morin-Poulard et I. Louradour 
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équivalente à cet article.
michele.crozatier-borde@univ-
tlse3.fr

La niche hématopoïétique des mammifères

Les cellules souches jouent un rôle essentiel pour le 
maintien de l’homéostasie des tissus adultes. L’utilisa-
tion des cellules souches, un des espoirs de la médecine 
régénératrice, nécessite d’identifier et de caractériser 
les mécanismes moléculaires impliqués dans leur auto-
renouvellement, leur prolifération et leur différenciation. 
Il est maintenant acquis que le microenvironnement 
cellulaire, appelé niche, joue un rôle essentiel dans le 
contrôle de ces processus. Chez l’homme adulte, les 
cellules souches hématopoïétiques (CSH) résident dans 
la moelle osseuse où elles prolifèrent et se différencient 
en cellules des différents lignages sanguins : érythrocy-
taire, myéloïde, lymphoïde et mégacaryocytaire. Deux 
compartiments majeurs de la niche hématopoïétique 
sont la niche endostéale (proche de l’os) et la niche vas-
culaire, contenant différents types de cellules stromales 
sécrétant des facteurs solubles dans l’environnement des 
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progéniteurs hématopoïétiques (Figure 2B). Les lobes 
antérieurs comportent trois zones : la zone médullaire 
(ZM) qui contient les progéniteurs hématopoïétiques 
pluripotents ; la zone corticale (ZC), localisée au cortex 
de la glande, où se différencient les hémocytes ; et le 
PSC (posterior signaling center), un centre de signali-
sation localisé dans la partie postérieure et composé 
d’environ 30 cellules (Figure 2B) [15]. La spécification 
du PSC au cours de l’embryogenèse requiert la fonction 
du gène collier (col), qui code pour un facteur de trans-
cription conservé au cours de l’évolution. Quatre gènes 
apparentés (orthologues) ont été identifiés chez les 
mammifères : les gènes early B-cell factor (ebf), dont 
deux, ebf1 et ebf2 sont impliqués dans l’hématopoïèse 
[16-19]. L’analyse de mutants col a permis de montrer 
que le PSC est requis pour maintenir un pool de progé-
niteurs hématopoïétiques pluripotents dans la glande 
lymphatique [20, 21], une fonction similaire à celle de 
la niche des CSH chez les vertébrés. Le PSC de drosophile 
constitue donc un modèle de choix, complémentaire du 
modèle de la souris, pour étudier in vivo les mécanismes 
cellulaires et moléculaires impliqués dans la formation 
et la fonction de la niche hématopoïétique.

Les voies de signalisation impliquées 
dans la fonction du PSC

L’invalidation de gènes spécifiques du PSC ou de cha-
cune des deux autres zones a montré que le PSC sécrète 
des signaux diffusibles, capables d’activer différentes 
voies de signalisation dans les autres compartiments 
de la glande lymphatique. Deux de ces signaux issus 
du PSC ont été bien caractérisés : le morphogène Hh 

- La première vague a lieu au stade embryonnaire à partir du méso-
derme antérieur et est à l’origine de la spécification de deux types 
d’hémocytes circulants, apparentés au lignage myéloïde des vertébrés. 
Les plasmatocytes, équivalents fonctionnels des macrophages, sont 
impliqués dans la phagocytose. Les cellules à cristaux, fonctionnelle-
ment apparentées aux plaquettes, sont requises pour la cicatrisation 
et la mélanisation, une réaction spécifique aux arthropodes.
- La seconde vague d’hématopoïèse a lieu au stade larvaire dans un 
organe hématopoïétique dédié, appelé glande lymphatique. Outre des 
plasmatocytes et des cellules à cristaux, un troisième type cellulaire, 
les lamellocytes, se différencient dans la glande lymphatique en 
réponse à un stress immun, tel que l’infection par des guêpes para-
sitoïdes, parasites naturels des drosophiles. Les lamellocytes sont 
de grandes cellules très adhérentes, qui encapsulent et neutralisent 
un pathogène trop gros pour être détruit par phagocytose. La glande 
lymphatique se désagrège au début de la métamorphose et ses cellules 
sont libérées dans la circulation [12]. Ainsi, au cours de la métamor-
phose et dans les mouches adultes, l’hémolymphe contient un mélange 
d’hémocytes d’origine embryonnaire et d’origine larvaire [13]. À ce 
jour, aucun processus hématopoïétique n’a été décrit au stade adulte.

La glande lymphatique : l’organe hématopoïétique larvaire 
de la drosophile

La glande lymphatique se forme au cours de l’embryogenèse, au 
contact du tube cardiaque qui est le système vasculaire de la mouche 
(Figure 2A). Au cours des trois stades larvaires successifs (durée 
totale de 96 h), la glande lymphatique augmente de taille. Au dernier 
stade larvaire, la glande est mature et les hémocytes se différen-
cient. À ce stade, la glande est composée de deux lobes antérieurs 
(ou primaires) formés au stade embryonnaire, et d’une suite de plus 
petits lobes postérieurs (ou secondaires) formés au cours des stades 
larvaires [14]. Ces lobes secondaires correspondent à des réservoirs de 

Figure 1. La niche hématopoïétique 

chez les mammifères. Chez les mam-

mifères adultes, l’hématopoïèse 

a lieu dans la moelle osseuse. Les 

cellules souches hématopoïétiques 

(CSH, vert foncé) s’autorenouvellent 

(flèche) et donnent naissance aux 

progéniteurs hématopoïétiques (P, 

vert clair). Les cellules composant la 

niche, appelées cellules stromales, 

correspondent à différents types cel-

lulaires. Deux compartiments majeurs 

de la niche hématopoïétique ont été 

identifiés et sont étroitement imbri-

qués : la niche endostéale, majori-

tairement composée d’ostéoblastes, 

et la niche vasculaire, correspondant 

aux petits vaisseaux sanguins [33].
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formée par un petit groupe de cellules localisées au pôle postérieur du lobe antérieur. Les cellules du centre de signalisation (PSC, en rouge) expri-

ment le facteur de transcription Collier (Col). Les lobes postérieurs (ou secondaires) sont composés de progéniteurs hématopoïétiques et servent 

de réservoirs de cellules. La barre d’échelle correspond à 80 µm. C. Représentation schématique de la partie postérieure d’un lobe antérieur. Les 

cellules du PSC (rouge) envoient des signaux requis pour le maintien des progéniteurs de la ZM. Collier (Col) contrôle l’expression du morphogène 

Hedgehog (Hh) dans le PSC. Le ligand Hh diffuse et active la voie de signalisation Hh dans la ZM, qui est nécessaire au maintien de l’état progéni-

teur via la répression de la protéine kinase A (PKA). La voie de signalisation PDGF/VEGFR est activée dans la ZC grâce à la diffusion du ligand PVF1 

synthétisé dans le PSC. L’activation de cette voie conduit à l’inactivation de la voie de signalisation adénosine/AdoR dans la ZM. Cette dernière 

contrôle positivement l’activité de PKA.

(hedgehog) et le ligand PVF1 (platelet-derived growth factor/vas-

cular endothelial growth factor-like factor) (Figure 2C). La perte de 
fonction dans le PSC des gènes hh ou pvf1 conduit à la différencia-
tion prématurée des progéniteurs hématopoïétiques. Cependant, les 
cibles et communications cellulaires de ces deux signaux sont très 
différentes. Hh agit directement sur les progéniteurs de la ZM et est 
nécessaire au maintien de leur état progéniteur pluripotent [21]. PVF1 
diffuse par exocytose à partir du PSC et agit, via son récepteur PDGF/
VEGFR, dans les hémocytes en cours de différenciation. Il y stimule la 
sécrétion d’ADGF-A (adenosine deaminase-related growth factor-A), 
une enzyme modifiant l’adénosine extracellulaire. Cette modification 
conduit à l’inactivation de la voie de signalisation adénosine/AdoR 
(adenosine receptor) dans les cellules de la ZM. La voie AdoR régule 
positivement l’activité de la protéine kinase A (PKA), favorisant la 
différenciation, alors que la signalisation Hh inhibe l’activité PKA dans 
la ZM. Le contrôle positif de l’activité PKA par les cellules se différen-
ciant, via la voie adénosine/AdoR, et négatif par le PSC, via la voie Hh, 

permet un maintien de l’équilibre entre progéniteurs et 
cellules différenciées [22]. D’autres études ont montré 
que la voie JAK (Janus kinase)/STAT (signal transducer 

and activator of transcription) est activée et néces-
saire dans la ZM [23]. Ces données montrent que les 
communications entre le PSC et la ZM sont indispen-
sables au maintien de l’équilibre entre cellules progéni-
teurs pluripotentes et cellules différenciées au sein de 
la glande lymphatique, et mettent en jeu de multiples 
voies de signalisation.

La voie de signalisation BMP/Dpp contrôle 
le nombre de cellules de la niche 
hématopoïétique chez la drosophile

La voie de signalisation BMP (bone morphogenetic pro-

tein), conservée au cours de l’évolution, est impliquée 
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Figure 2. La niche hématopoïétique chez la drosophile. A. Image 

d’une larve mutante où la glande lymphatique nécrosée est mar-

quée en noir. La barre d’échelle correspond à 0,5 mm. B. Image 

en microscopie confocale d’une glande lymphatique de larve de 

drosophile (dernier stade larvaire). Les lobes antérieurs (ou pri-

maires) sont les plus développés et sont organisés en trois zones. 

La zone médullaire (ZM, en vert) est composée de progéniteurs 

hématopoïétiques et la zone corticale (ZC, en bleu) d’hémocytes 

différenciés provenant de la différenciation des progéniteurs. La 

troisième zone, le centre de signalisation (PSC, en rouge), est 
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niveaux de signalisation Wnt et Dpp détermine la taille 
du PSC [27, 29]. L’étape suivante était de déterminer 
les conséquences du changement du nombre de cellules 
du PSC sur la différenciation des hémocytes (Figure 4A) 
[21, 27].

L’homéostasie des cellules au sein de la glande 
lymphatique est dépendante de la taille du PSC

L’inactivation de la signalisation Dpp dans le PSC 
induit à la fois une augmentation du nombre des cel-
lules du PSC et une perte de différenciation des hémo-
cytes, indiquant que le contrôle de la taille du PSC est 
un paramètre essentiel de l’homéostasie hémocytaire 
dans la glande lymphatique (Figure 4A). L’expression 
de Hh n’est cependant pas affectée dans ces condi-
tions [21], ce qui suggère que l’augmentation du 
nombre de cellules du PSC provoque une augmentation 
de la quantité de Hh total produit, qui conduit au 
maintien de toutes les cellules de la LG (hors PSC) à 
l’état de progéniteurs multipotents [27]. Une perte 
de fonction de col dans le PSC à partir du deuxième 

dans de nombreux processus biologiques [24-26]. Cette voie est acti-
vée suite à la liaison d’un ligand de type TGFβ (transforming growth 

factor b) à un récepteur de type II, suivie du recrutement et de la 
phosphorylation d’un récepteur de type I. Le complexe récepteur type I 
plus II phosphorylé active par phosphorylation un facteur de trans-
cription Smad (mothers against decapentaplegic homolog). Smad 
activé recrute un cofacteur, Smad4/Medea, puis devient nucléaire et 
active la transcription de ses gènes cibles (Figure 3A). Chez la dro-
sophile, la voie BMP, appelée Dpp (decapentaplegic), comporte trois 
ligands (Dpp, glass bottom boat et screw), deux récepteurs de type I 
(thickvein [Tkv] et saxophone), deux récepteurs de type II (wishfull 

thinking [Wit] et Punt), un transactivateur Smad et son cofacteur 
Medea [25]. Au sein de la glande lymphatique, la voie Dpp est spécifi-
quement activée dans le PSC par liaison de Dpp à ses récepteurs Tkv et 
Wit [27]. L’inactivation génétique de la signalisation Dpp dans le PSC 
conduit à une augmentation considérable du nombre de cellules du 
PSC, montrant que la voie Dpp contrôle la prolifération des cellules du 
PSC (Figure 3B). Ce contrôle de la prolifération passe par la répression 
de l’expression de Dmyc, l’orthologue chez la drosophile du proto-
oncogène Myc vertébré (Figure 3E). Il a été montré indépendamment 
que la voie de signalisation wingless (Wg/Wnt) [28] régule positive-
ment le nombre de cellules du PSC, suggérant que le rapport entre les 
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Figure 3. La voie de signalisation BMP/Dpp contrôle la taille du PSC. A. Le ligand Dpp se fixe sur le récepteur de type II, conduisant à la formation 

d’un complexe composé de récepteurs de type I et de type II. Ce complexe activé s’autophosphoryle et phosphoryle le facteur de transcription 

Smad. Smad phosphorylé recrute son cofacteur (Medea) et entre dans le noyau pour activer la transcription de gènes cibles. B. Au stade larvaire, 

la voie BMP/Dpp est activée dans le PSC (en rouge). L’inactivation dans le PSC de cette voie (C.) ou de col (D.) conduit à une augmentation mas-

sive du nombre de cellules composant le PSC. La perte de fonction de Col dans le PSC (D.) entraîne une inactivation de la voie BMP/Dpp dans ces 

cellules indiquant que Col contrôle l’activation de cette voie. E. Représentation schématique de la cascade de régulation contrôlant le nombre 

de cellules du PSC. L’activation de la voie BMP/Dpp par Collier dans le PSC réprime l’expression du proto-oncogène Myc (Dmyc chez la drosophile), 

impliqué dans la prolifération.
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Figure 4. Contrôle de la taille 

et de la fonction de la niche 

hématopoïétique de drosophile : 

nouveaux parallèles avec les 

mammifères. A. L’inactivation 

de la voie BMP/Dpp dans le PSC 

entraîne une augmentation du 

nombre de cellules du PSC et, 

par conséquent, du niveau des 

signaux émis par celui-ci. Ceci 

conduit préférentiellement au 

maintien des progéniteurs de la 

ZM au détriment des hémocytes 

différenciés. L’inactivation de col 

dans le PSC conduit également 

à une augmentation du nombre 

de cellules du PSC. Cependant, 

la balance entre la ZM et la ZC 

n’est pas modifiée par rapport 

au contexte sauvage. B. Chez la 

drosophile, Col contrôle à la fois l’expression du signal Hh et l’activation de la voie de signalisation BMP/Dpp. La signalisation Wg contrôle égale-

ment le nombre de cellules de la niche. Cette étude révèle de nouveaux parallèles entre les rôles de Col, BMP/Dpp et Wg chez la drosophile et leurs 

orthologues mammifères EBF2, BMP et Wnt, dans le contrôle de l’hématopoïèse.

stade larvaire, après la phase de spécification dans l’embryon, 

conduit à une augmentation du nombre de cellules du PSC. Cette 

augmentation est corrélée à la perte d’activation de la voie BMP 

dans le PSC. Pourtant, contrairement à la simple inactivation de la 

voie Dpp, l’augmentation de la taille du PSC consécutive à l’absence 

de Col n’empêche pas la différenciation des hémocytes. D’où l’hypo-

thèse que l’augmentation du nombre de cellules du PSC, en absence 

de Col, est compensée par une perte partielle de leur activité de 

signalisation (Figure 4). En accord avec cette hypothèse, l’expres-

sion de Hh dans les cellules du PSC est significativement diminuée 

dans des conditions de perte de fonction de Col. L’ensemble de ces 

données montre que le facteur de transcription Collier coordonne les 

programmes de prolifération et de signalisation des cellules de la 

niche hématopoïétique, et que cette coordination est un paramètre 

essentiel de l’hématopoïèse (Figure 4B).

De la drosophile aux mammifères

Bien que les données concernant la formation et la fonction de la 

niche hématopoïétique chez la drosophile et la souris restent frag-

mentaires, de nombreux parallèles peuvent déjà être établis entre ces 

deux organismes modèles. Ainsi, chez la souris, la perte de fonction 

du gène codant pour la β-caténine, facteur de transcription en aval 

de la voie Wg/Wnt, entraîne une diminution du nombre d’ostéoblastes 

[30]. Un phénotype comparable est observé chez la drosophile où 

l’inactivation du ligand Wg dans le PSC conduit à la réduction de la 

taille de ce dernier (Figure 4B) [27, 29]. Un second parallèle concerne 

l’implication de la voie BMP/Dpp requise pour le contrôle de la taille de 

la niche chez la drosophile. En effet, l’inactivation d’un 

récepteur de la voie de signalisation BMP (BMPR1A) 

dans les ostéoblastes conduit à une augmentation de 

leur nombre et, ainsi, du nombre de CSH [31]. Enfin, 

de nouveaux parallèles pourraient être établis sachant 

qu’EBF2 (early B-cell factor 2), l’un des orthologues 

murins de Col, est exprimé dans les ostéoblastes et 

est requis pour le maintien des CSH [32]. De la même 

manière, chez la drosophile, Col est requis pour le main-

tien des précurseurs hématopoïétiques. Cependant, le 

mécanisme impliqué demeure non élucidé et les inte-

ractions possibles entre EBF2 et les voies BMP et Wnt 

restent à établir. De même, une meilleure connaissance 

des voies de signalisation impliquées dans la commu-

nication entre la niche et les CSH chez les mammifères 

[33] permettra de déterminer si les voies de signalisa-

tion Hh et PDGF/VEGFR (platelet derived growth factor/

vascular endothelial growth factor), impliquées dans ce 

processus chez la drosophile, jouent aussi un rôle dans 

la niche des vertébrés. ‡

SUMMARY
The drosophila hematopoietic niche
Stem cells are required for both tissue renewal and 

repair in response to injury. The maintenance and func-

tion of stem cells is controlled by their specific cellular 

microenvironment called “niche”. Hematopoietic stem 

cells (HSC) that give rise to all blood cell types have 
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been extensively studied in mammals. Genetic and molecular analyses 
performed in mice identified several signaling pathways involved in the 
cellular communications between HSC and their niche. However, hema-
topoietic niche plasticity remains poorly understood. The discovery of 
a Drosophila hematopoietic niche, called PSC, established a new model 
to decipher the niche function in vivo. Size control of the PSC is essen-
tial to maintain hematopoietic tissue homeostasis and a molecular 
cascade controlling the PSC cell number has been characterized. Novel 
parallels between Drosophila and mammalian hematopoietic niches 
open new perspectives for studies of HSC biology in human. ‡
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Drosophila response to wasp parasitism : role of the Toll/NF�B signalling pathway 

Abstract 

 In all organisms, the immune response is divided into two parts: the humoral response, which consists of 

producing a large number of molecules to combat the pathogen, and the cellular response, which relies on immune 

cells produced during hematopoiesis. In adult mammals, hematopoiesis occurs in the bone marrow, where a 

particular microenvironment called the “hematopoietic niche” controls self-renewal, proliferation and differentiation 

of Hematopoietic Stem Cells (HSCs), which give rise to all blood cell types. Following a pathogenic infection, the 

hematopoietic system’s homeostasis is modified in order to obtain an adapted cellular immune response. The role 

that the hematopoietic niche plays during an immune response remains unclear.  

Drosophila is used as a model system to study in vivo hematopoiesis and the immune response. In drosophila, 

hematopoiesis occurs at the larval stage in a specialized organ called the Lymph Gland (LG). Within this organ, a 

small group of cells termed the Posterior Signalling Center (PSC), controls the balance between hematopoietic 

progenitors and differentiated immune/blood cells, a role similar to the mammalian hematopoietic niche. Following 

an immune challenge, especially in response to wasp parasitism, a massive differentiation of specific immune cells 

called lamellocytes occurs in the LG. The LG subsequently disperses to release lamellocytes into the hemolymph. 

During parasitism, the wasp lays an egg in the drosophila larva. In the absence of a cellular immune response, the 

wasp egg will develop and kill its host. By forming a capsule around the wasp egg, lamellocytes impede the 

pathogen’s development and permit the host’s survival.  

 During my PhD, I studied the drosophila larva cellular immune response to wasp parasitism. I focused my 

research on the role of the “hematopoietic niche”. I therefore initiated a transcriptomic study, in order to identify 

genes expressed by the PSC in response to parasitism. In parallel, I characterized the role of the Toll/NF�B 

signalling pathway in the LG during parasitism. The Toll/NF�B pathway plays a key role in the humoral response 

both in drosophila and mammals; however its role in the cellular immune response remains unknown. My results 

indicate that the Toll/NF�B pathway is activated in the PSC following parasitism. Its activation is mediated by the 

NF�B transcription factor « Dorsal-related Immunity Factor » (Dif), which is required in the PSC for rapid 

lamellocyte production and LG dispersion. Furthermore, I established the existence of a genetic network comprising 

the Toll/NFkB and EGFR signalling pathways and Reactive Oxygen Species (ROS), in order to control the immune 

response to parasitism. An increase in ROS levels in the PSC and EGFR pathway activation in the immune cells, 

have been described as required for wasp egg encapsulation. My data suggest that the ROS and the EGFR pathway 

are also required for LG dispersion following wasp parasitism, in PSC cells and in hematopoietic progenitors, 

respectively. Based on the high conservation of signalling pathways and molecular processes controlling 

hematopoiesis, my results raise the question of whether such a network is conserved in the mammalian 

hematopoietic niche in response to pathogenic infections.  

Key words: 1. drosophila 2. immune response 3. parasitism 4. hematopoiesis 



Réponse au parasitisme par des guêpes chez la drosophile : rôle de la voie de signalisation Toll/NF�B 

Résumé 

 Dans tous les organismes animaux la réponse immunitaire est divisée en deux composantes : la réponse 

humorale, qui consiste en la production d’un grand nombre de molécules toxiques pour le pathogène, et la réponse 

cellulaire, qui met en jeu des cellules immunitaires produites lors de l’hématopoïèse. Chez les mammifères adultes, 

l’hématopoïèse se déroule dans la moelle osseuse, où un microenvironnement particulier appelé « niche 

hématopoïétique » contrôle l’auto-renouvèlement, la prolifération et la différenciation des Cellules Souches 

Hématopoïétiques (CSH) à l’origine de l’ensemble des cellules sanguines/immunitaires. Suite à une infection par un 

pathogène, l’homéostasie du système hématopoïétique est modifiée, afin de permettre la mise en place d’une réponse 

immunitaire cellulaire adaptée. Le rôle de la niche hématopoïétique dans le contrôle de l’hématopoïèse suite à une 

infection reste à ce jour mal connu. La drosophile est utilisée comme système modèle pour étudier in vivo

l’hématopoïèse et la réponse immunitaire. L’hématopoïèse a lieu chez la drosophile au stade larvaire dans un organe 

spécialisé appelé Glande Lymphatique (GL). Au sein de cet organe, un petit groupe de cellules, le Centre de 

Signalisation Postérieur (PSC), contrôle l’équilibre entre progéniteurs hématopoïétiques et cellules immunitaires 

différenciées, et a donc un rôle équivalent à celui de la niche hématopoïétique des mammifères. Suite à un stress 

immun,  tel que le parasitisme par des guêpes, une différenciation massive de cellules immunitaires spécifiques, les 

lamellocytes, a lieu dans la GL; puis la dispersion de la GL permet la libération des lamellocytes dans la circulation 

lymphatique. Lors du parasitisme, la guêpe pond un œuf dans le corps de la larve de drosophile. En absence de 

réponse immunitaire cellulaire, l’œuf de guêpe se développe au dépend de son hôte, entraînant sa mort. En formant 

une capsule autour de l’œuf de guêpe, les lamellocytes neutralisent son développement et permettent la survie de 

l’hôte. 

 Au cours de ma thèse, je me suis intéressée à la réponse immunitaire cellulaire de la larve de drosophile au 

parasitisme par des guêpes. Je me suis plus particulièrement intéressée au rôle de la « niche hématopoïétique » dans 

cette réponse. Pour cela, j’ai initié une approche transcriptomique ayant pour but d’identifier les gènes 

spécifiquement exprimés dans le PSC en réponse au parasitisme. En parallèle, j’ai caractérisé le rôle de la voie de 

signalisation Toll/NF�B dans la GL lors de la réponse au parasitisme. La voie Toll/NF�B joue un rôle essentiel dans 

la réponse immunitaire humorale et son rôle dans la réponse immunitaire cellulaire reste à définir. Mes travaux 

indiquent que la voie Toll/NF�B est activée dans le PSC suite au parasitisme. Son activation est médiée par le 

facteur de transcription NF�B «Dorsal-related Immunity Factor» (Dif), qui est requis dans le PSC pour permettre la 

différenciation rapide et massive de lamellocytes et la dispersion des cellules de la GL. De plus, j’ai établi un réseau 

génique, impliquant les deux voies de signalisation Toll/NF�B et EGFR ainsi que les espèces réactives de l’oxygène 

(ROS) dans le contrôle de la réponse au parasitisme. Une augmentation du niveau de ROS dans le PSC et 

l’activation de la voie EGFR dans les cellules immunitaires ont été décrits comme nécessaires à l’encapsulation des 

œufs de guêpe après parasitisme. Mes données établissent qu’ils sont en plus requis respectivement dans les cellules 

du PSC et dans les progéniteurs hématopoïétiques pour permettre la dispersion de la GL après parasitisme. Basé sur 

la forte conservation des voies de signalisation et processus moléculaires contrôlant l’hématopoïèse entre les 

mammifères et la drosophile, mes résultats posent la question de la conservation du réseau génique établi chez la 

drosophile et du rôle de la voie NF�B dans la niche hématopoïétique des mammifères  lors d’une réponse à une 

infection. 

Mots clés: 1. drosophile 2. réponse immunitaire 3. parasitisme 4. hématopoïèse 

  


