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C E L L U L A R  N E U R O S C I E N C E

Brain inflammation triggers macrophage invasion 
across the blood-brain barrier in Drosophila during 
pupal stages
Bente Winkler1, Dominik Funke1, Billel Benmimoun2, Pauline Spéder2, Simone Rey1,  
Mary A. Logan3, Christian Klämbt1*†

The nervous system is shielded from circulating immune cells by the blood-brain barrier (BBB). During infections 
and autoimmune diseases, macrophages can enter the brain where they participate in pathogen elimination but 
can also cause tissue damage. Here, we establish a Drosophila model to study macrophage invasion into the 
inflamed brain. We show that the immune deficiency (Imd) pathway, but not the Toll pathway, is responsible for 
attraction and invasion of hemolymph-borne macrophages across the BBB during pupal stages. Macrophage 
recruitment is mediated by glial, but not neuronal, induction of the Imd pathway through expression of Pvf2. 
Within the brain, macrophages can phagocytose synaptic material and reduce locomotor abilities and longevity. 
Similarly, we show that central nervous system infection by group B Streptococcus elicits macrophage recruitment 
in an Imd-dependent manner. This suggests that evolutionarily conserved inflammatory responses require a 
delicate balance between beneficial and detrimental activities.

INTRODUCTION
The central nervous system (CNS) integrates and computes exter-
nal and internal stimuli and orchestrates appropriate motor re-
sponses. It comprises a large number of neurons and glial cells that 
interact in manifold ways. To ensure proper homeostatic function 
within the brain, the nervous system is separated from the circula-
tory system by the blood-brain barrier (BBB). The BBB guarantees 
metabolic and ion regulation in the brain and also represents an 
additional barrier preventing the invasion of pathogens.

Because of its efficient separation from circulation, the nervous 
system is considered an immune-privileged organ (1). Thus, addi-
tional cellular defense mechanisms have evolved to cope with in-
fections and the removal of cellular debris within the CNS. In 
vertebrates, microglia, a cell type originating from the fetal yolk sac, 
migrate into the developing nervous system to perform immune 
surveillance (2) and clear superfluous cells and projections. In in-
vertebrates, glial cells phagocytose dying neurons and cellular de-
bris to promote tissue homeostasis (3–5). These local, (micro)glial 
clearance mechanisms are generally sufficient in a healthy animal 
but can become overloaded in case of infection or during neurode-
generative and/or autoimmune diseases. These insults can trigger 
the extravasation of circulating lymphocytes and macrophages 
across the BBB into the brain, which will clear pathogens and cellu-
lar debris but which can also result in further brain damage (6).

The immune responses that unfold following bacterial infection 
in vertebrates are also frequently observed in invertebrates (7, 8). 
Drosophila melanogaster provides a particularly well-defined model 
to explore the molecular underpinnings of immune reactivity (9). Flies 
respond to septic injury by activating a complex immune response 
that is highly similar to the mammalian innate immune response. 

The primary systemic immune cells in Drosophila are the hemo-
cytes, most of which are migratory phagocytes or macrophages 
(10, 11). These cells are very efficient in clearing pathogens from the 
circulation through phagocytosis (12).

Another branch of the immune response consists of a large array 
of antimicrobial peptides (AMPs) that directly target pathogens. They 
are secreted into the hemolymph mainly by fat body cells, the equivalent 
of the vertebrate liver. Their expression is triggered by the activation 
of two core immune pathways, the Toll and the immune deficiency 
(Imd) pathways, which ultimately center on the activity of nuclear 
factor B (NF-B) transcription factors. The Toll pathway is mostly 
activated by Gram-positive bacteria and by fungi leading to activation 
of Dorsal and Dorsal-related immunity factor (Dif). The Imd pathway 
responds primarily to Gram-negative and bacillus-shaped Gram-
positive bacteria (13) and results in the cleavage by a Death related 
ced-3/Nedd2-like caspase (Dredd) caspase of an inhibitory domain of 
Relish, also a member of the NF-B transcription factor class (Fig. 1) 
(9, 13, 14). In Drosophila cell culture, this pathway can also result in 
the expression of the platelet-derived growth factor (PDGF)– and 
vascular endothelial growth factor (VEGF)–related factors 2 and 3 
(Pvf2 and Pvf3), two ligands of the Drosophila PDGF/VEGF receptor 
homolog (Pvr) that are implicated in invasive migration of macro-
phages and negative regulation of Imd activity (15–17).

Sensing of the pathogen by the host is the first step of this im-
mune response and mostly relies on the activity of peptidoglycan 
recognition proteins (PGRPs). The Drosophila genome encodes 13 
PGRPs that either show a zinc-dependent amidase activity (PGRP-
LB, PGRP-LF, PGRP-SB1, PGRP-SB2, PGRP-SC1a, PGRP-SC1b, 
and PGRP-SC2) or are noncatalytic (PGRP-SA, PGRP-SD, PGRP-
LA, PGRP-LC, PGRP-LD, and PGRP-LE). This variety allows the 
detection of different pathogens. In particular, Gram-positive bac-
teria are detected by PGRP-SA, which activates the Toll pathway in 
fat body cells together with the Gram-negative binding protein 1 
(GNBP1) (18–21). In contrast, Gram-negative bacteria are mostly 
detected by transmembrane PGRP-LC, the secreted PGRP-SD, 
and PGRP-LE, which, depending on the isoform, can be acting as 
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secreted or cytoplasmic receptors, which lead to activation of the 
Imd pathway in the fat body (22–28). In addition, PGRP-LA is in-
volved in Imd activation, while PGRP-LB and PGRP-LF inhibit it 
(29). Pathogen recognition by PGRPs is thus an essential step to 
select an appropriate immune response.

Although it is well documented that bacterial infections occur 
in the fly hemolymph, it is presently unclear if they could trigger 
invasion of immune system cells into the fly CNS. Here, we 
asked whether neurons or glial cells can mount an inflammatory 
response upon bacterial infection and whether such a response is 
capable of attracting macrophages into the brain tissue. We recently 
developed a model of brain infection in Drosophila, using both 
ex vivo and in vivo models, and showed the passage of several mam-
malian neurotropic pathogens across the BBB (30). In particular, we 
have demonstrated that group B Streptococcus (GBS), bacteria known 
to cause meningitis in neonates, can breach the BBB and enter the 
larval CNS. Here, we demonstrate that upon GBS infection, PGRP-
SA, PGRP-LC, and Pvf2 are up-regulated. Glial subtype–specific 
expression of PGRP-LC and pan-glial expression of PGRP-LE trig-
ger invasion of the pupal brain by macrophages. Labeling of macro-
phages in the hemolymph by latex beads or transplantation of 
genetically labeled macrophages into unlabeled hosts demonstrates 

that hemolymph-borne macrophages invade the nervous system in 
reaction to the antibacterial response. The response mounted by 
PGRP-LE–expressing glia triggers Pvf2 expression, which is required 
and sufficient for macrophage invasion. Activation of the Imd path-
way in neurons did not stimulate macrophage infiltration of the 
brain, although Pvf2 expression in either neurons or glial cells is 
sufficient to trigger migration of macrophages into the CNS. This 
indicates that only glial cells can mount an immune response. In-
vading macrophages are mostly found in the neuropil, where they 
also phagocytose synaptic material pointing to the need of balanc-
ing positive and negative consequences of invading macrophages.

RESULTS
Pan-glial expression of PGRPs triggers 
an immunity response
The Drosophila CNS is surrounded by hemolymph and comprises 
the brain lobes and the ventral nerve cord (Fig. 1A). During pupal 
stages, the larval nervous system is reorganized. In adults, the brain 
is located in the head capsule, and the ventral nerve cord is found in 
the thorax (Fig. 1B). These two parts of the CNS are connected by 
the neck region, a thick axon tract, devoid of cell bodies. The nervous 
system is covered by an efficient BBB that allows a well-balanced 
ion and metabolite homeostasis and blocks the entry of xenobiotic 
substances (31, 32).

So far, no macrophage infiltration has ever been reported in 
the Drosophila CNS. In mammals, the onset of an immune activa-
tion precedes macrophage infiltration. We thus wondered whether 
immune activation in the Drosophila CNS could also induce this 
phenomenon and provide an experimental model to dissect the 
cellular and molecular mechanisms supporting macrophage inva-
sion of the CNS.

As a prerequisite, we first assayed whether immune activation 
could be triggered and detected in the Drosophila CNS. In other 
tissues, the two core immune pathways (Toll and Imd) can be acti-
vated by a number of PGRPs, with different specificities (Fig. 1C). 
We thus tested whether forced PGRP expression is able to induce 
an immune response also in the CNS tissue. We first expressed 
PGRP-LC, PGRP-LE, and PGRP-SA (with its cofactor GNBP1) in 
glial cells using repo-Gal4 and determined their efficacy in induc-
ing an antimicrobial response, by measuring the expression of four 
AMPs known to act with some specificity on Gram-positive bacte-
ria [Defensin (Def), Metchnikowin (Met)] or against Gram-negative 
bacteria [Attacin-D (AttD), Diptericin B (DptB)] (33), and thus 
more associated with the Toll or Imd pathways, respectively. The 
induction of PGRP-LC and PGRP-LE appeared differentially effec-
tive (see Materials and Methods, Tables 1 and 2, and fig. S1, A and 
B). Pan-glial expression of PGRP-LC results in an up to 15,000-fold 
induction of AMPs (AttD, DptB and Def, Mtk). Moreover, we noted 
a fivefold induction of Pvf2 in larval stages (fig. S1A). Later stages 
could not be analyzed because of lethality caused by PGRP-LC ex-
pression. Glial expression of PGRP-LE is less effective (fig. S1B) 
and causes an up to 5000-fold up-regulation of AMP expression, 
which becomes less prominent during pupal stages (fig. S1B). In 
contrast, PGRP-SA weakly induces expression of Pvf2  in larval 
stages and expression DptB and Mtk in pupal stages (fig. S1C). To-
gether, our results indicate that immune activation can be trig-
gered in the Drosophila CNS through pan-glial expression of 
different PGRPs.

Fig. 1. Drosophila brains and immunity induction. (A and B) Schematic view of 
(A) a third instar larval CNS and (B) an adult brain each composed of the ventral 
nerve cord (vnc) and the brain lobes. The subperineurial and the perineurial glia 
establish the BBB. The remaining glial cell types are astrocyte-like glia (ALG), cortex 
glia (CG), wrapping glia (WG), ensheathing glia (EG), and midline glia (MG). The 
thoracic neuromeres (t1 to t3) expand during pupal development, while the ab-
dominal neuromers a1-8 condense. Some neuropil areas of the adult are indicated. 
(C) Signaling pathways directing the innate immune response. The Toll pathway is 
preferentially activated by Gram-positive bacteria, and the peptidoglycan recogni-
tion proteins (PGRP-LC and PGRP-LE) detect mostly Gram-negative bacteria. All 
relevant components are indicated. For further details, see main text.
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Pan-glial expression of PGRP-LC and PGRP-LE but not 
PGRP-SA triggers macrophage invasion into the brain
Next, we asked whether the immune response triggered by pan-glial 
expression of PGRPs was also associated with recruitment of mac-
rophages. To detect invading macrophages, we compared existing 
promoter fusions that all direct expression in macrophages. The 
hml-dsRed reporter shows a very weak general expression in the 
CNS (fig. S2, A and A′), and flies carrying this reporter have re-
duced viability upon pan-glial immunity induction (see below). The 
srpHemo-H2A::3XmCherry reporter (34) not only provides a strong 
nuclear labeling of macrophages but also labels a subset of CNS glia 
(fig. S2, B and B′). srpHemo-moe::3XmCherry (34) gives an excellent 
staining of macrophages and also labels only six thoracic neurons 
(Fig. 2A, asterisk, and fig. S2, C and C′). This construct was there-
fore used in subsequent experiments, if not indicated otherwise.

First, we tested whether expression of PGRP-SA is sufficient to 
trigger macrophage invasion into the CNS. Since PGRP-SA requires 
the cofactor GNBP1 (18, 19, 21), we generated corresponding up-
stream activating sequence (UAS)–based transgenes and expressed 
them in the background of the srpHemo-moe::3XmCherry reporter 
in all glial cells. This expression regime does not lead to lethality and 
is not sufficient to trigger macrophage recruitment or invasion in 
larvae or pupae (Fig. 2, A to C).

Next, we determined whether PGRP-LC expression could trigger 
macrophage invasion of the brain. Pan-glial expression of PGRP-LC 
resulted in larval lethality with smaller brain lobes and no associated 
macrophages (Fig. 2D). To restrict pan-glial expression of PGRP-LC 
to the wandering third instar larval stage and early pupae, we 
used a temperature-sensitive Gal80 (35) (repo-Gal4, tub-Gal80ts, 
UAS-PGRP-LC, and srpHemo-moe::3XmCherry). This shifts the 
lethal phase to late pupal stages, and in these conditions, macro-
phages are notably found around or inside the neuropil of the pupal 
brain (Fig.  2,  E  and  F). No invading macrophages are detected 
throughout development in the absence of the Gal4 driver.

Pan-glial expression of PGRP-LE does not cause larval lethality 
as expression of PGRP-LC, and female flies survive until adult stages. 
Upon pan-glial PGRP-LE expression, no macrophages were found 
in the larval brain but were found in the brain of early pupae, where 
they often exhibit an elongated shape (Figs. 2, G, H, and J, and 3). As 
observed following PGRP-LC expression, macrophages were mostly 
located around or inside the neuropil (Fig. 2J). No macrophages are 
found in the brain in the absence of a Gal4 driver.

In conclusion, glial expression of either PGRP-LC or PGRP-LE is able 
to trigger invasion of macrophages, whereas expression of PGRP-SA 
is not able to recruit macrophages into the brain. On the basis of quan-
titative real-time polymerase chain reaction (qPCR) data, PGRP-LC 
and PGRP-LE trigger a similar immunity response, although PGRP-LC 
is much stronger and causes early lethality when expressed in a pan-
glial manner (fig. S1). To avoid the use of an additional Gal80ts construct, 
we therefore continued our analysis using PGRP-LE–induced immunity.

Invading macrophages originate from the hemolymph
To determine when macrophages entered the pupal brain, we fol-
lowed macrophage invasion over time. A strong increase in the 
number of macrophages located within the brain is noted during 5 
and 12 hours after puparium formation (APF), but no further in-
crease is seen afterward (Fig. 2, I and K to M). The number of mac-
rophages also remains constant after eclosion, suggesting that no 
additional macrophages invade the CNS in adult stages (Fig. 2M).

In Drosophila, macrophages and glial cells have distinct origins 
but share expression of the master regulatory gene glial cells missing 
(36, 37). Thus, pan-glial expression of PGRP-LC or PGRP-LE might 
cause a transformation of the fate of resident glial cells toward a 
macrophage-like fate. To test whether the srpHemo-moe::3XmCherry–
expressing cells found in the pupal brain are respecified glial cells or 
originate from the hemolymph, we performed two types of experi-
ments. First, we injected 0.5-m (orange) or 1-m (green) large 
fluorescent latex beads into the hemocoel of late wandering larvae 

Fig. 2. Macrophages enter the brain during pupal stages upon immunity in-
duction. Dissected brains of indicated age stained for Repo (green) to label glial 
nuclei, HRP (cyan) to label neuronal membranes, and mCherry expression (magenta) 
directed by the macrophage marker srpHemo-moe::3xmCherry. wL3, wandering 
third instar larva. Adults were 7 days old. Scale bars, 100 m. (A) Control larva 
expressing double-stranded RNA directed against green fluorescent protein 
(GFP). The asterisk indicates six neurons expressing the macrophage marker 
srpHemo-moe::3xmCherry. (B) Control pupa expressing double-stranded RNA 
directed against GFP. (C) Pupal brain expressing PGRP-SA and GNBP1 in glial cells. 
Note the absence of mCherry-expressing cells in the brain. (D) Larval brain expressing 
PGRP-LC in glial cells, no macrophages are found in the brain. The asterisk denotes 
neurons weakly expressing the marker srpHemo-moe::3xmCherry. (E) PGRP-LC ex-
pression is restricted to late larval and pupal stages. Macrophages invade the brain. 
The dashed line indicates the orthogonal section shown in (F). (G) Larva with PGRP-LE 
induction in glial cells. Note the elongated ventral nerve cord. The asterisk indicates 
neurons weakly expressing the macrophage marker. (H and J) Pupal brain expressing 
PGRP-LE. Note the presence of srpHemo-moe::3xmCherry–expressing cells in the 
brain. The white dashed line indicates the position of the orthogonal section shown 
in (J) (arrows indicate macrophages). (I) Adult control brain expressing GFPdsRNA. 
(K and L) Adult brain with immunity induction in glia. Cherry-expressing cells are 
found in the brain. The white dashed line indicates the orthogonal section shown in 
(L) (arrows indicate macrophages). (M) Quantification of the infiltration rate. To count 
the number of Cherry-positive cells, we used the srpHemo-H2A::3xmCherry marker. 
Pupae of increasing age were dissected, and the number of Cherry-expressing cells was 
determined using Imaris. P values are **P2–5 hours APF = 0.0034 and ****P5–12 hours APF < 
0.0001 (t test); n = 10 for every time point.
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(Fig. 3A). These latex beads are taken up by macrophages within 
several hours but cannot be metabolized and, thus, remain within 
the cytoplasm where they can serve as a lineage marker. In a 
complementary set of experiments, we conducted transplantation 
experiments and grafted srpHemo-moe::3XmCherry–expressing late 
wandering third instar larvae macrophages into the hemolymph of 
late wandering third instar larvae expressing PGRP-LE in all glial 
cells (Fig. 3B).

Upon injection of fluorescently labeled latex beads into larvae 
expressing PGRP-LE in all glial cells, we found macrophages within 
the pupal brain that contained one or two of these beads (Fig. 3, 
C to E, arrows). This suggests that beads were endocytosed in the 
hemolymph before invasion of macrophages into the CNS. This 
was also corroborated by the results of the homochronic trans-
plantation experiments. After the transplantation of srpHemo-moe:: 
3XmCherry–expressing but otherwise wild-type macrophages into 
animals that expressed PGRP-LE in all glial cells, we found one to 
five Cherry-expressing macrophages in the CNS in 50% of the 
brains analyzed (n = 45 experiments; Fig. 3F). Together, these data 
suggest that hemolymph-resident macrophages are able to migrate 
across the BBB upon immunity induction in glial cells.

Macrophages are routed to the CNS via Pvf2
Pan-glial expression of all immunity receptors (PGRP-LC, PGRP-
LE, and PGRP-SA) induces expression of Pvf2 in larval stages, with 
PGRP-LE being the most efficient inductor of Pvf2 expression, 
especially during early pupal stages (fig. S1). Likewise, Pvf2 is not 
significantly up-regulated in 12- to 18-hour APF pupae, which cor-
relates to the finding that macrophage invasion terminates after 
12 hours APF. Thus, we reasoned that Pvf2 expression downstream 
of PGRP-LE might mediate the attraction of macrophages into 
the brain.

To analyze whether Pvf2 expression downstream of PGRP-LE is 
required for invasion of macrophages, we suppressed Pvf2 ex-
pression in the background of pan-glial overexpression of PGRP-
LE. Whereas PGRP-LE expression robustly attracts macrophages 
across the BBB, concomitant silencing of Pvf2 efficiently suppressed 
invasion of macrophages (Fig. 4, A to C). This indicates that the 
Imd pathway triggers recruitment of macrophages to the CNS via 
the induction of Pvf2 expression.

To test whether Pvf2 is sufficient for macrophage invasion, we 
next expressed Pvf2 in all glial cells. We noted a very pronounced 
invasion of macrophages into the pupal brain but not in the larval 
brain, which appeared stronger than what is observed following im-
munity induction by PGRP-LE expression [compare Fig. 2 (H to L) 
with Fig. 4 (D to F)]. Macrophages persist in the adult brain, and in 
addition, many macrophages are found attached to the nervous sys-
tem, which is not observed following immunity induction [com-
pare Fig. 2 (K and L) with Fig. 4F]. No invading macrophages were 
found in the absence of a Gal4 driver.

Expression of Pvf2 unexpectedly also induced a moderate but 
significant up-regulation of PGRP-LC expression during larval stag-
es (fig. S3A). In addition, we noted increased expression of several 
AMPs in pupal stages, which might be a secondary effect of the in-
vading macrophages (Fig. 4).

To further elucidate how macrophages enter the nervous system, 
we performed an electron microscopic analysis. In pupal brains ex-
pressing Pvf2 in all glial cells at 12 hours APF, we found macrophage-like 
cells that can be recognized by numerous intracellular vesicles (fig. S4, 
Mø), navigating between perineurial glial cells and contacting sub-
perineurial glial cells that still have intact septate junctions (SJ) (fig. S4).

We next tested whether expression of Pvf2 is sufficient to trigger 
invasion of macrophages into the adult CNS. We performed Gal80ts 
experiments where we restricted Pvf2 expression either to pupal or 
to adult stages only. Macrophages were found in the CNS upon pu-
pal expression, but no macrophages could be detected when expres-
sion of Pvf2 was confined to the adult stages. This suggests that a 
window of competence for invasive migration of macrophages ex-
ists only during early pupal stages (fig. S3, B to D).

Macrophages are routed to the CNS via Imd-dependent Pvf2 
expression independent of c-Jun N-terminal kinase signaling
It has been recently demonstrated that activation of the Imd path-
way drives c-Jun N-terminal kinase (JNK)–dependent expression of 
the Pvr ligand Pvf2 (15). To elucidate the signaling cascade down-
stream of PGRP-LE, we silenced expression of Relish, encoding a 
NF-B–type transcription factor, and basket, encoding a protein 
kinase regulating the JNK pathway, which is also implicated in im-
munity induction (38), concomitantly to immunity induction. Where-
as suppression of Relish blocked invasion of macrophages (n = 6; 
Fig. 5A), no block of macrophage invasion was observed upon 

Fig. 3. Cherry-expressing cells originate from the hemolymph. (A and B) Sche-
matic view on the experimental strategies. The light orange–colored structure cor-
responds to the inflamed brain. The blue-colored brain reflects a control animal 
without infection. (A) Injection of fluorescent latex beads into the hemolymph of 
wandering third instar larvae. (B) Transplantation of macrophages expressing the 
srpHemo-moe::3xmCherry into the hemolymph of wandering third instar larvae. 
(C to F) Twenty-four hours APF pupal brains were stained for horseradish peroxidase 
(HRP) (cyan) and mCherry (magenta). (C) Control brain with no immunity induc-
tion. (D and E) Following pan-glial immunity induction, macrophages containing 
1-m green latex beads (D and D′) (arrows indicate macrophages containing latex 
beads) or 0.5-m orange latex beads (E) (see arrows) are found in the CNS. (F and 
F″) Pupal brain after immunity induction and transplantation of genetically labeled 
macrophages (arrows). Several labeled macrophages are found in the ventral 
nerve cord. The position of the orthogonal sections shown in (F’) and (F″) is indicated 
by a white dashed line. Scale bars, 100 m.
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suppression of the JNK pathway (n = 7; Fig. 5, B and C). Moreover, 
expression of activated Relish (39) in glial cells, but not in neurons, 
is sufficient to trigger invasion of macrophages into the brain 
(Fig. 5, D and E). Activation of the Toll pathway (Fig. 1C) by ex-
pression of PGRP-SA together with GNBP1 or by silencing cactus 
expression or by overexpression of Toll is not sufficient to recruit 
macrophages into the CNS (Fig. 2C and fig. S5, A and B). In conclusion, 
our results suggest that the Imd pathway can trigger expression of 
Pvf2 via Relish to guide migration of macrophages across the BBB.

Several glial cell types attract macrophages across the BBB
To test the relevance of the different glial cell layers, we used a set of 
specific Gal4 and Gal80 lines that allow targeting of specific glial cell 
types (see Materials and Methods, Table 3).

When we expressed PGRP-LE in all glial cells, about 150 macro-
phages were found in each pupal brain (Fig. 6A). Expression in cor-
tex glia, ensheathing glia, or astrocyte-like glia was not required for 
invasion (Fig. 6, A and B). However, when we excluded PGRP-LE 
expression from the cells of the BBB by combining repo-GAL4 with 
Tret1-1-Gal80 expressed in perineurial glia or moody-Gal80 ex-
pressed in subperineurial glia, the number of invading macrophages 
is reduced by 90 to 95% (Fig. 6, A and C). Unexpectedly, when we 
induced expression of PGRP-LE only in any one of the glial cell types 
individually (using Tret1-1-Gal4, or Gli-Gal4, or NP2222-Gal4, or 

alrm-Gal4, or 83E12-Gal4, or nrv2-Gal4; see Materials and Methods, 
Table 3) or in all neurons (elav-Gal4), no invasion of the brain by 
macrophages was noted (fig. S5C). Although pan-glial expression 
of PGRP-LC results in larval lethality, expression of PGRP-LC in 
subperineurial glial cells using Gliotactin-Gal4 is able to trigger 
invasion of few macrophages into the nervous system (fig. S5D). In 
conclusion, these experiments show that immunity induction in the 
BBB-forming glial cells appears most relevant during this recruitment, 
but additional glial cell types are likely to be involved, too.

Above, we showed that PGRP-LE requires Pvf2 expression to in-
duce macrophage infiltration into the brain. We therefore ex-
pressed Pvf2 in different glial cell types and neuronal cell types 
(Fig. 6D). Expression of Pvf2 using the Tret1-1-Gal4 driver resulted 
in lethality. Expression of Pvf2 in the subperineurial glial cells using 
moody-Gal4 or Gliotactin-Gal4 triggered infiltration of macro-
phages into the nervous system. However, when we expressed Pvf2 
in all glial cells but the glial cells of the BBB (or subperineurial or 
perineurial glia separately), we still noted infiltration of the brain 
(Fig. 6D). Moreover, expression of Pvf2 in cortex or in ensheathing, 
or in astrocyte-like glia is able to trigger infiltration of macrophages. 
When macrophages are attracted to the brain by Pvf2 expression in 
subperineurial glial cells, they nevertheless migrated toward the 
neuropil, suggesting that macrophage attraction and migration 
within the CNS are controlled by different signaling pathways.

Fig. 4. Pvf2 acts downstream of PGRP-LE to direct macrophage invasion. 
(A) Pupal brain with pan-glial immunity induction. Note the presence of macrophages 
in the CNS. (B) Pupal brain with pan-glial immunity induction and concomitant 
silencing of Pvf2. Note that fewer macrophages are found in the CNS. (C) Quantifica-
tion of the number of invading macrophages using srpHemo-H2A::3xmCherry marker 
in brains with immunity induction without [see (A)] and with RNA interference–
mediated Pvf2 knockdown [see (B)] (****P < 0.0001, Mann-Whitney). (D) Pan-glial ex-
pression of Pvf2 triggers the invasion of srpHemo-moe::3xmCherry–expressing 
macrophages into the nervous system 20 hours APF. The macrophages appear to 
follow axon tracts toward the neuropil. (E) Upon pan-glial Pvf2 expression, the 
number of macrophages invading the brain increases further during later pupal 
stages (71 hours APF). (F) Upon pan-glial Pvf2 expression, macrophages are still 
present in the adult brain (20-day-old female brain). Scale bars, 100 m.

Fig. 5. Relish is required for macrophage invasion. (A, B, D, and E) Twenty-two 
to 24-hour-old pupal brains stained as indicated. Glial nuclei (anti-Repo, green), 
neuronal membranes (anti-HRP, cyan), and invading macrophages (mCherry or 
dsRed, magenta). Scale bar, 100 m. (A) Upon concomitant expression of PGRP-LE 
and silencing of relish expression using RNA interference, no macrophages enter 
the brain. (B and C) No suppression of macrophage invasion induced by PGRP-LE 
expression is observed following concomitant suppression of basket expression. 
For quantification, see (C) (n = 6; P = 0.6753, Mann-Whitney). ns, not significant. (D) 
Pan-glial expression of activated Relish causes an invasion of macrophages into the 
brain. (E) Neuronal expression of activated Relish is not sufficient to trigger invasion 
of macrophages into the CNS.
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While high-level expression of Pvf2 in neurons using nsyb-Gal4 
results in larval lethality, lower expression of Pvf2 with elav-Gal4 
also triggers invasion of a moderate number of macrophages into 
the CNS. Likewise, we were able to recruit macrophages into the brain 
using the mushroom body–specific Gal4 driver GMR14F11-Gal4 
(Fig. 6, D and E). In this case, macrophages are mostly found close 
to the mushroom body neuropil. In summary, these data suggest 
that infiltration of the brain by macrophages can be regulated by 
neuronal and glial cells.

The BBB is intact during development
Macrophages are able to invade the CNS mostly in the first 12 hours 
of pupal development. During this time, the animal does not move, 
and thus, the BBB might be open, allowing entry of macrophages 
upon immunity induction. To directly determine whether the in-
tegrity of the BBB is compromised during this time period, we per-
formed dye penetration experiments using fluorescently labeled 

dextran of 10- and 70-kilodalton (kDa) size on differentially aged 
animals. In all cases, filet preparations were performed with great 
caution, avoiding any disruption of the CNS or the different seg-
mental nerves. The specimens were opened at the dorsal midline, 
and the gut and adhering fat body were carefully removed by gentle 
pipetting. Labeled dextran was added, and penetration into the CNS 
was recorded for 40 min. Seventy kDa labeled dextran was efficiently 
excluded in all developmental stages tested (wandering third instar 
larvae, 5, 24, and 48 hours APF) (fig. S6, A and B). Penetration of 
10-kDa labeled dextran increased in the first 24 hours APF but de-
creased again between 24 and 48 hours APF (fig. S6, C and D). The 
lack of penetration of 70 kDa suggests that the BBB remains intact 
during early pupal development. The slight penetration of 10-kDa 
dextran might indicate that septate junctions that normally provide 
the exclusion of solutes open transiently.

To test whether the BBB-forming subperineurial glial cells are 
present throughout development, we expressed CD8-GFP using the 
subperineurial glia–specific enhancer element GMR54C07 (40) 
(GMR54C07-LexA LexAOP-CD8-GFP). Throughout development, 
green fluorescent protein (GFP) expression is detected in a sheath 
around the nervous system, indicating that a BBB is present in all 
developmental stages (fig. S7). In addition, we expressed the photo-
convertible protein Dendra2 in subperineurial glia, which we pho-
toconverted in wandering third instar larvae and imaged at 25 hours 
APF. Since the photoconverted Dendra2 protein remains in the 
subperineurial glia, this indicates that the BBB does not disintegrate 
in the first 25 hours of pupal development (Fig. 7A).

In a next step, we assayed the tightness of the BBB following im-
munity induction by pan-glial PGRP-LE expression. Here, we chose 
5 and 24 hours APF and detected a slight but significant increase in 
BBB permeability at 24 hours APF for 70-kDa dextran (P = 0.0079; 
Fig. 7, B and C). This increase in BBB permeability could be deter-
mined since 70-kDa dextran does not penetrate in the control, un-
like the smaller 10-kDa dextran. Here, we also noted a slight increase 
in permeability compared with the control; however, possibly be-
cause of the general leakage noted in the control, this increase was 
not significant (P = 0.0952; Fig. 7, D and E). Similar results were 
obtained following pan-glial expression of Pvf2. The slight increase 
in dextran permeability upon immunity induction or Pvf2 expres-
sion might indicate that transmigration of macrophages across the 
BBB or other signaling consequences of the activation of these path-
ways disrupt the integrity of the subperineurial glial cells in a locally 
and temporally confined manner.

Macrophage invasion reduces longevity and causes 
brain damage
Immune cell invasion often contributes to severity of the human 
brain diseases. Above, we have shown that macrophage invasion 
can be a consequence of immunity induction. Upon pan-glial 
PGRP-LE expression, adult flies eclose, allowing us to assess func-
tional consequences. These flies exhibit a markedly reduced life span 
and die on average after 11 days (Fig. 8A). Already after 1 week, flies 
with immunity induction show reduced locomotor abilities. The 
rapid iterative negative geotaxis (RING) assay exploits the negative 
geotaxis shown by adult flies (41). The climbing ability of 1-week-
old control flies (repo-Gal4 UAS-CD8-Cherry) is almost four times 
as pronounced as the ability of 1-week-old flies with a pan-glial im-
munity induction (Fig. 8B). Thus, expression of PGRP-LE triggers 
reduced longevity and climbing abilities and macrophage invasion 

Fig. 6. Cell type–specific induction of immunity induces invasion of macro-
phages. (A) Pan-glial activation of immunity response triggers invasion of many 
macrophages into the CNS (n = 10 for repo>>PGRP-LE; n = 4 for all other geno-
types). When pan-glial PGRP-LE expression was blocked in various glial subtypes, 
the number of invading macrophages is reduced. The color coding of the different 
glial subtypes is indicated below. For further information about the different Gal4 
drivers, see Materials and Methods, Table 3. (B) Concomitant silencing in cortex and 
ensheathing glia using nrv2-Gal80 causes a similar reduction in the number of invading 
macrophages as concomitant silencing in astrocyte-like glial cells using alrm-Gal80. 
(C) Upon PGRP-LE expression in all glial cells but the BBB, only very few macrophages 
entered the brain (arrowhead) (repo-Gal4, moody-Gal80, and Tret1-1-Gal80 UAS-PGRP-LE). 
(D) Average number of invading macrophages in different expression regimes (n = 10 
for repo>>Pvf2; otherwise, n = 4). Color coding is as in (A). In all expression regimes, 
macrophages enter the brain, except for moodyB4-Gal4–driven Pvf2 expression. 
(E) Notably, even expression of Pvf2 in only few neurons (GMR14F11-Gal4 is active 
in the mushroom bodies only, shown by concomitant expression of UAS-CD8-GFP), 
is able to recruit macrophages into the brain lobes [open arrowhead indicates 
macrophage associated with mushroom body, and filled arrowhead indicates 
macrophage located in some distance (E and E′)]. Scale bars, 100 m.
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into the brain. To test whether macrophages might be responsible 
for the observed fitness deficits, we stained specimens with horse-
radish peroxidase (HRP), labeling all neuronal membranes (42) or 
Bruchpilot (Brp), a prominent synaptic marker (43, 44). Both HRP 
and Brp signal was frequently found inside invading macrophages 
in the neuropil, suggesting that these cells also phagocytose parts of 
neuronal cells including synaptic material (Fig. 8, C to F).

To rule out that immunity induction causes neuronal deficits by 
other means, we analyzed animals with different Pvf2 expression 
regimes characterized by different numbers of macrophages in the 
CNS (Fig. 9A). Upon Pvf2 expression using nrv2-Gal4, on average, 

57 macrophages are found in the CNS, whereas expression directed 
using Gli-Gal4 resulted in on average 168 macrophages and expres-
sion using NP2222-Gal4 resulted on average in 971 macrophages in 
the brain (n = 10 brains each; Fig. 9A). Depending on the expres-
sion regime, we noted differential effects on longevity. Animals ex-
pressing the highest amount of Pvf2 had the shortest life expectancy 
(Fig.  9B). Likewise, we noted a decrease in climbing abilities de-
pending on the level of Pvf2 expression (Fig. 9C). Macrophages that 
are recruited to the brain via Pvf2 expression are still able to phago-
cytose neuronal material as shown for macrophages recruited to the 
brain via immunity induction (Fig. 9, D and E). This suggests that 
the loss of synapses caused by invading macrophages is responsible 
for the observed reduction in longevity and the loss of locomotor 
abilities, but further experiments are required to rule out that Pvf2 
overexpression has general detrimental effects in neurons.

CNS infection by GBS is accompanied by an immune 
response and triggers macrophage entry
The above data suggest that activation of the Imd pathway is sufficient 
to trigger macrophage invasion into the pupal brain. We wondered 

Fig. 7. Immunity induction does not affect BBB integrity. (A) The BBB-forming 
cells are not replaced during onset of pupal development. Confocal image of a 24- to 
25-hour APF pupal brain. Larvae with the genotype (moody-Gal4 UAS-tub-Dendra2) 
were subjected to photoconversion of the subperineurial glia covering the ventral 
nerve cord. The resultant red fluorescent Dendra2 protein can be detected in pupal 
brain 25 hours APF. Scale bar, 100 m. (B) Quantification of dye uptake experi-
ments using fluorescein-labeled 70-kDa dextran in control (repo-Gal4, UAS-GFPdsRNA) 
and after pan-glial immunity induction (repo-Gal4, UAS-PGRP-LE). Datasets were 
obtained 5 and 24 hours APF. In addition, we included 24-hour APF pupal brains 
expressing Pvf2. AU, arbitrary units. OE, overexpression. (C) Quantification of 
changes in fluorescence uptake after 40 min. A slight but significant increase in 
fluorescein-labeled dextran can be detected following immunity induction 
(**P = 0.0079) but not following Pvf2 expression (P = 0.0556). (D) Quantification of 
dye uptake experiments using Texas Red–labeled 10-kDa dextran in control and 
after pan-glial immunity induction. The same genotypes and time points as in (A) 
were used. A large variability of data points was found resulting in large error bars. 
In all genotypes analyzed, an increase in Texas-red–labeled dextran in the CNS 
can be detected. (E) Quantification of changes in Texas-red uptake after 40 min. 
A significant increase in Texas-red–labeled dextran was found for control brains 
(P = 0.0317) and those with a pan-glial immunity induction (P = 0.0079). However, 
the levels of Texas-red–labeled dextran were not significantly different between 
control and pan-glial immunity induction (P5hAPF = 0.667 and P24hAPF = 0.095). 
Likewise, no differences in Texas-red–labeled dextran uptake were noted in 24-hour 
APF brains expressing Pvf2 (P = 0.944). n = 5.

Fig. 8. Pan-glial immunity induction affects longevity and climbing ability. 
(A) Longevity of flies with pan-glial immunity induction compared to control 
flies (repo-Gal4, UAS-CD8Cherry versus repo-Gal4 UAS-PGRP-LE). The viability is 
markedly reduced (n = 200 females; P = 3.75 × 10−92). (B) Same genotypes as in 
(A). The climbing ability of 7-day-old flies is markedly reduced upon immunity 
induction (****P < 0.0001). (C to F) Two-day-old pupae with immunity induction 
stained for macrophages using [hml∆dsRed] and subsequent anti-dsRed staining, and 
either anti-HRP (green) (C and D) to label neuronal membranes or anti-Brp (green) 
(E and F) to label synapses. Note that macrophages harbor vesicles containing 
neuronal membrane material [arrowheads in (D′), (F′), and (F″)]. Scale bars, 100 m 
(C and E) and 5 m (D and F).
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whether these findings were transferable to a pathological condition 
known to be associated with macrophage infiltration into the CNS.

We recently developed a model of brain infection in Drosophila 
and showed that Gram-positive GBS bacteria were able to enter the 
Drosophila larval brain (30). We thus studied whether GBS infec-
tion of the CNS elicits similar antibacterial responses as determined 
for PGRP overexpression. We injected GBS into the hemolymph of 
late third instar larvae that stopped feeding and started wandering 
(see Materials and Methods). GBS-injected larvae survived up to 
5 hours after infection (30), and we were able to perform qPCR 
experiments on brains dissected 4 to 5  hours after injection. We 
observed more than a twofold up-regulation of PGRP-LC and 
PGRP-SA (Fig. 10A), which activate the Imd or Toll pathway, re-
spectively. In addition, we noted a 50% up-regulation of Pvf2. While 
Toll, as well as dorsal (dl), Dorsal-related immunity factor (Dif), and 
Relish (Rel), is not up-regulated (Fig. 10A), the expression of the 
four AMPs studied above (Def, Met, AttD, and DptB) is significant-
ly up-regulated upon GBS infection (Fig. 10B). These data suggest 
that infection with GBS triggers an immune response within the 
CNS, where macrophages might be recruited via PGRP-LC activity.

To test whether GBS infection also leads to a recruitment of 
macrophages, we used the hml-dsRed marker to follow macrophages 
during infection (45), in control and GBS-injected wandering third 
instar larvae, and analyzed early pupal brains 5 hours after injection. 

In mock-injected larvae, only few macrophages are attached to the 
CNS, and no macrophages were ever found inside the brain (Fig. 10, 
C and F). Upon GBS injection, the number of macrophages attached 
to the CNS surface increased more than 10-fold (Fig. 10, D to F), 
indicating that they are attracted by the infected tissue. Notably, we 
also detected macrophages inside the CNS, which did not show 
morphological hallmarks characteristic of cell death (Fig. 10, E and E′). 
Macrophages were filled with bacteria in line with their primary 
role as phagocytic immune cells (Fig. 10, D and E′). In addition, we 
used formaldehyde-fixed GBS as control. In this context, macrophages 
are not recruited (Fig. 10F). This implies that live bacteria are re-
quired for macrophage recruitment to the brain. To test whether 

Fig. 9. CNS resident macrophages affect survival and phagocytose neuronal 
membranes. (A) Number of macrophages invading the brain of 1-week-old adult 
flies expressing Pvf2 with different glial cell–specific Gal4 drivers. The P values are 
***Pnrv2 vs. Gli = 0.0001 and ***Pgli vs. NP2222 = 0.0002 (Mann-Whitney). (B) Same geno-
types as in (A). Longevity of female flies with glial subtype–specific Pvf2 expression 
compared to control flies. The corresponding Gal4 driver element is indicated in the 
figure. For control, we expressed GFPdsRNA. The viability is reduced upon Pvf2 ex-
pression in all glial subtypes tested and inversely correlates with the number of 
invading macrophages (n = 200 females in groups of 20 each; ****Pnrv2 = 4.425 × 10−32, 
****PGli = 5.2984 × 10−41, and ****PNP2222 = 1.9936 × 10−89). (C) Same genotypes as 
in (A). The climbing ability of 7-day-old females is reduced upon Pvf2 expression and 
again inversely correlates with the number of invaded macrophages (Pnrv2 = 0.237, 
****PGli < 0.0001, and ****PNP2222 < 0.0001). (D to G) Two-day-old pupae with pan-glial 
Pvf2 expression stained for macrophages using [hml∆dsRed] and subsequent anti-dsRed 
staining, and either anti-HRP (green) (D and E) to label neuronal membranes or 
anti-Brp (green) (F and G) to label synapses. Note that macrophages harbor vesi-
cles containing neuronal membrane material (arrowheads). Scale bar, 100 m.

Fig. 10. GBS infection leads to immunity induction and macrophage recruitment 
in early pupal brains. (A and B) Wandering third instar Drosophila larvae injected 
with GBS were dissected 4 to 5 hours after infection, and the brains were subjected 
to qPCR. Expression of the genes PGRP-LC, PGRP-SA, Pvf2, and all AMPs tested (AttD, 
DtpB, Def, and Mtk) was up-regulated upon infection. Mann-Whitney test for Pvf2, 
*P = 0.0227; PGRP-LC, **P = 0.0024; PGRP-SA, ***P = 0.0002; AttD, **P = 0.0055; 
DtpB, **P = 0.0025; Def, *P = 0.0207; Mtk, *P = 0.0499. Unpaired t test for PGRP-LE, 
P = 0.5297; Tl, P = 0.0988; Dl, P = 0.6202; Dif, P = 0.6758. (C to E) Macrophage recruitment 
and infiltration to GBS-infected pupal brains. Confocal images (top and orthogonal 
views) showing Drosophila CNS of hml-dsRed pupae 4 to 5 hours after injection in 
the hemolymph of either (C) Mock or (D and E) GBS. Macrophages (hml-dsRed in 
magenta) containing GBS (anti-GBS in green) are detected attached to the CNS (D, 
inset) or inside the CNS (E). (E′) is a close-up of the dotted boxes from (E). The arrow-
head points to a macrophage within the CNS cortex. Phalloidin is in white, and 
4′,6-diamidino-2-phenylindole (DAPI) is in blue. Scale bars, 10 m. (F) Quantifica-
tion of macrophage localization in the whole CNS 4 to 5 hours after injection in the 
hemolymph of mock (control), GBS, or formaldehyde-fixed GBS. Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test on brain-associated (attached + 
entered) macrophages was performed generating adjusted P values: **P(control vs. GBS) = 
0.0011 and P(control vs. fixed-GBS) = 0.7165. Control, n = 21 CNS; GBS, n = 22 CNS; fixed-GBS, 
n = 10 CNS. (G) Number of srpHemo-moe::3xmCherry–expressing macrophages 
that attach to the brain upon GBS infection of repo-Gal4 animals and repo-
Gal4>UAS-relishdsRNA animals [n = 9; **P = 0.0078, Mann-Whitney on brain-associated 
(attached + entered) macrophages].
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relish is also required for macrophage recruitment in the GBS infection 
model as it is in the PGRP-LE overexpression situation, we silenced 
relish expression in glial cells, which indeed blocked macrophage 
recruitment in response to GBS infection (Fig. 10G). This shows that 
the Imd pathway is necessary for macrophage recruitment to the 
brain in response to GBS infection.

To test whether other bacterial pathogens could elicit a similar 
immune response in the CNS, we performed ex vivo infection assays 
using Pseudomonas aeruginosa, a Gram-negative species. While we 
were able to detect bacteria attached to the brain, P. aeruginosa does 
not appear to enter the CNS (fig. S8, A to F). P. aeruginosa infection 
is also not able to trigger increased expression of PGRP-LC, PGRP-LE, 
and PGRP-SA. In addition, expression of AMPs is not increased by 
infection with P. aeruginosa but rather appeared to be decreased for 
AttD and Def (fig. S8G). This difference in response between the 
two pathogens could be due to the Gram status, the bacterial species 
per se, the difference in neurotropism, or the in vivo versus ex vivo 
systems.

To conclude, we show that both GBS and P. aeruginosa reach the 
CNS, while only GBS appears able to enter this tissue. Notably, in 
response to GBS invasion, Drosophila immune cells can overcome 
the BBB via glial activation of the Imd pathway, a situation reminis-
cent to our findings using an overexpression system.

DISCUSSION
Here, we establish a novel model of neuroinflammation in Drosophila 
using forced expression of PGRPs. This paradigm is capable of 
mounting an inflammatory reaction as seen by the induction of 
AMP expression and results in a recruitment of macrophages to the 
brain. Similarly, we show that GBS bacteria present in the hemo-
lymph can enter the brain to elicit an antimicrobial response, which 
also triggers macrophage invasion from the hemolymph to the CNS, 
although at very reduced numbers. GBS brain infection unexpectedly 
activates both the Toll and the Imd pathways, the latter being asso-
ciated more classically with infection of Gram-negative bacteria. 
Thus, immunity reactions in the brain may differ from the remain-
ing body. In agreement with this notion, we failed to elicit a clear 
activation of the Imd pathway following infection with Gram-
negative P. aeruginosa but rather observed the activation of Toll 
pathway components.

To enter the brain, GBS move across the BBB in a low-density 
lipoprotein receptor LpR2-dependent manner (30). Since infection 
also develops in an ex vivo system, GBS do not appear to use macro-
phages as Trojan horses to cross the BBB. This barrier is formed by 
glial cells and stays intact during pupal stages. These glial cells 
express PGRPs (46) that bind bacterial surface proteins and induce 
the Imd immunity pathway. Moreover, upon GBS infection, PGRP-
LC and PGRP-SA expression is increased.

While PGRP-SA is involved in Toll pathway activation, its ex-
pression, together with its cofactor GNBP1, failed to mount an in-
vasion of the brain by macrophages. Correlating with this, we noted 
a lack of Pvf2 induction by PGRP-SA/GNBP1  in pupal stages. In 
contrast, PGRP-LC and PGRP-LE are both involved in the Imd 
pathway, and its activation is sufficient and necessary to attract 
macrophages across an intact BBB during pupal stages. It has been 
shown that PGRP-LC is activated by a diaminopimelic acid type of 
peptidoglycans (47), which are only found on Gram-negative bacte-
ria and not present on GBS, and it is thus unclear how PGRP-LC (or 

PGRP-LE) might affect the Imd pathway. However, it has been re-
cently shown that PGRP-LC can also bind Lys-type peptidoglycans, 
which are typically found on Gram positive bacteria (48). More-
over, overexpression of PGRP-LE in the absence of any bacteria is 
also sufficient to trigger Imd pathway activation.

In Drosophila pupae, macrophages reside in the hemolymph. As 
vertebrate microglia, they are not derived from neural progenitors 
but originate from the mesoderm. Both Drosophila lineages, macro-
phages, and glial cells require the activation of the transcription factor 
Glial cells missing (36, 49). Moreover, macrophages and glial cells 
both express receptors recognizing apoptotic cells or bacteria: Draper, 
Simu, and PGRPs. Only the Croquemort receptor, which recognizes 
Gram-positive cells and apoptotic cells, is specifically expressed by 
macrophages (12). To exclude that glial expression of PGRP-LE in-
duces a fate switch that forces specific CNS glial cells to adopt a 
hemocyte-like fate as suggested before (50), we conducted trans-
plantation experiments using genetically marked macrophages. In 
addition, we labeled macrophages in the hemolymph by injecting 
fluorescently labeled latex beads while mounting an immunity 
response. These data clearly demonstrate that macrophages are re-
cruited to the CNS from the hemolymph.

Recruitment of macrophages to the brain is mostly occurring in 
the first 12 hours of pupal development. During this stage, ecdys-
one-triggered histolysis starts, which also leads to a disintegration 
of larval tissues including the gut (51). Thus, during early pupal 
stages, bacteria have a higher chance to escape from the gut to pos-
sibly invade the remaining tissues. In addition, ecdysone triggers 
motility of macrophages during exactly this period (52). Moreover, 
the extracellular matrix that surrounds the entire nervous system 
(53) is remodeled during pupal development. For remodeling, mac-
rophages adhere to the existing matrix and thus are in the position 
to easily enter the brain provided that the respective immunity sig-
nal is presented. Further studies are needed to understand the 
molecular mechanisms constraining invasive migration to the first 
hours of pupal life.

Invasive migration of macrophages in stage 12 embryos and in-
vasive migration of border cells in the fly ovary require expression 
of Pvf2/3 (54, 55–57). In addition, Pvf2/3 acts as a survival factor, is 
able to stimulate macrophage proliferation, and is thought to act as 
a chemoattractant for macrophages in the embryonic CNS (58–63). 
Here, we demonstrated that PGRP-LC and PGRP-LE both activate the 
NF-B protein Relish in glial cells to trigger Pvf2-dependent invasion 
of macrophages into the brain. A similar relish-dependent Pvf2 acti-
vation has been described for Drosophila cells of the adult midgut (17).

Notably, expression of Pvf2 in astrocyte-like or ensheathing glia 
that reside deep within the brain, as well as in neurons, is sufficient to 
induce the invasion of the brain by macrophages, which raises the 
questions of what the attractive signal is and how it reaches the 
macrophages. Pvf2 expressed by neuropil-associated glia is not 
expected to leave the CNS due to the BBB. The highest expression 
of Pvr in the adult brain is in the BBB itself (46). Thus, secretion of 
Pvf2 from neurons or glial cells within the CNS might activate Pvr 
in these glial cells to control transmigration of macrophages across 
the BBB.

During normal development of the fly embryo, macrophages 
migrate across a tissue barrier in a defined time window depending 
on Minerva, an atypical major facilitator superfamily member 
(56, 63). Here, we have shown that the BBB stays intact in early pu-
pal stages, which is the window of invasiveness. However, we noted 
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subtle but significant changes in the permeability of smaller dextran 
molecules during this phase, in a similar fashion in wild type and 
under immunity induction. This suggests that the BBB is transient-
ly opened similar to what has been described for the moody mutant 
phenotype (64, 65). moody mutants have disrupted septate junction 
strands that compromise barrier function (66). To compensate this 
defect, BBB-forming subperineurial glial cells form additional in-
terdigitations that increase the length of the paracellular diffusion 
path and thereby restore the barrier function (66). However, when 
we activated the immunity response in adult moody mutants, still 
no macrophages entered the brain. Thus, compromised septate 
junction strand formation does not explain alone how macrophages 
enter the brain during early pupal stages.

Phagocytosis in the nervous system must be a carefully con-
trolled and well-balanced process. In the noninfected Drosophila 
brain, phagocytosis of neuronal debris is mediated by glial cells. The 
regulation of glial responses to neuronal damage is largely encoded 
by the engulfment receptor Draper, which promotes phagocytosis 
through an immunoreceptor tyrosine–based activation motif (ITAM) 
(5, 67–72). Glial cells might be able to cope with bacterial infection 
but, in addition, trigger invasive migration of macrophages that 
eventually will clear invading bacteria. The activity of macrophages 
is, however, not restricted to bacteria and is also initiated toward 
synapses, and this overshooting phagocytosis might contribute to 
decreased longevity of the fly.

The influence of macrophages in the brain might be generally 
relevant to pathological conditions associated with increased neu-
roinflammation and immune activation in this tissue. The human 
neurodegenerative disease ataxia-telangiectasia (A-T) is due to mu-
tation of the Ataxia Telangiectasia Mutated (ATM) kinase that is 
involved in control of genomic integrity and cell cycle. Knockdown 
of the Drosophila ATM homolog in glial cells causes an A-T–like 
neurodegeneration model associated with reduced mobility and 
longevity. Concomitantly, an elevated expression of the Imd path-
way was observed, and inhibition of relish but not dif blocks neuro-
degeneration (73, 74). This might suggest that reduced mobility 
and longevity that is observed in many neurodegenerative disease 

models in Drosophila are possibly in part caused by mounting an 
immune signal that leads to invading macrophages.

In vertebrates, it has been well documented that inflammatory 
conditions in the CNS trigger the extravasation of circulating lym-
phocytes and macrophages across the BBB (6). The infiltration of 
leukocytes into the CNS is an essential step in the pathogenesis of 
multiple sclerosis (75–77). Breach of the BBB also occurs during 
bacterial infection, such as meningitis, when local immune cells 
recruit circulating monocytes into the CNS (78). In both cases, 
minimizing macrophage access to the brain via the BBB is crucial for 
preventing brain damage. Likewise, it has been shown that activation 
of microglia can contribute to synapse loss (79, 80), again indicating the 
importance of carefully balanced phagocytotic activity within the ner-
vous system. In the future, studies using Drosophila might contribute 
to understanding how macrophages can breach the BBB and how their 
phagocytotic activity can be regulated to minimize CNS tissue damage.

MATERIALS AND METHODS
All experiments were conducted according to the regulations of the 
German or French legislation. An approval by an ethics committee 
is not required for Drosophila experiments.

Fly work
All flies were raised according to standard procedures at 25°C 
unless otherwise noted. Flies were obtained as specified in Table 1. 
Crosses including a tub-Gal80ts were raised at 18°C and shifted at 
the indicated time to 30°C to allow Gal4-directed expression. 
Transgenes generated in this study were inserted the landing site 
attP40 (81) or in the landing site attP2 (82) using standard phiC31-
integration protocols (83). The negative geotaxis assay (RING assay) 
was performed as described with 10 females per vial that was tapped 
five times in a custom-made setup to insure identical forces (41). To 
determine the life span of flies, 10 times 20 one-day-old mated fe-
males were kept in individual vials and were transferred three times 
a week. The number of dead flies was monitored throughout the 
experiment.

Table 1. Fly stocks.  

Stock Source Identifier

w[*]; P{w[+mC] = UAS-PGRP-LE.FLAG}2 Bloomington Stock Center 33054

y[1] w[*]; P{w[+mC] = UAS-PGRP-LC.x}1 Bloomington Stock Center 30919

w[*]; P{y[+t7.7] w[+mC] = 10XUAS-mCD8-GFP}attP2 Bloomington Stock Center 32184

w[*]; P{w[+mC] = UAS-mCD8.ChRFP}2 Bloomington Stock Center 27391

w[1118]; P{w[+mC] = XP}Pvf2[d02444] Bloomington Stock Center 19631

w[*]; P{w[+mC] = UAS-FLAG-Rel.68}1; TM2/TM6C, Sb[1] Bloomington Stock Center 55777

w[*]; P{w[+mC] = UASp-Tl.PA-GFP}3/CyO Bloomington Stock Center 30900

y[1] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.HM04020}attP2 Bloomington Stock Center 31713

y[1] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.HM05154}attP2 Bloomington Stock Center 28943

y[1] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.HMJ23540}attP40/CyO Bloomington Stock Center 61955

y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8] = TRiP.HMS04479}attP40 Bloomington Stock Center 57035

y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8] = TRiP.HMC03539}attP2 Bloomington Stock Center 53310

continued to next page
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Dextran uptake assay
White prepupae were collected and kept in a moist chamber at 25°C 
until dissection. Filet preparations were performed in phosphate-
buffered saline (PBS) by carefully cutting dorsally from the posterior 
to the anterior site avoiding to contact the brain using a Vannas 
scissors. Filets were fixed on a glass slide using heptane glue. Texas 
Red–conjugated dextran (1.6 mM; 10 kDa) and fluorescein-conjugated 
dextran (1.6 mM; 70 kDa) in H2O were applied simultaneously to 
the filet, and dextran uptake was recorded for 40 min on a Zeiss 880 
LSM. The same laser settings were used throughout the experiments. 
Quantification and statistical analyses were performed using Fiji, 
Excel, and Prism.

Drosophila in vivo brain infection by GBS
An overnight GBS preculture was set from glycerol stocks in Brain 
Heart Infusion broth (BHI) at 37°C. The bacterial preculture was 
diluted 1:20 in BHI and was grown for 3 hours at 37°C. GBS con-
centration was calculated by OD600 (optical density at 600 nm) cor-
relation [1 OD600 = 8.8 × 108 colony-forming units (CFU)/ml], and 
the bacteria were pelleted through 5-min centrifugation at 3500g (at 
4°C) and washed twice in PBS and twice in Drosophila Schneider’s 
medium, and then suspended in 100 l of Schneider’s medium 
(reaching 4.4 × 1010 GBS/ml). Twenty nanoliters of concentrated GBS 
was injected in wandering third instar larvae using the nanoinjector 
Nanoject III (Drummond Scientific) to reach 8.8 × 108 CFU/ml of 

Stock Source Identifier

w[*]; P{w[+mC] = tubP-GAL80[ts]}10; TM2/TM6B, Tb[1] Bloomington Stock Center 7108

w[*];P{w[+mC] = UASpalphatub84B.Dendra2} 1 M/TM3, Sb[1] Bloomington Stock Center 51316

w[*];P{w[+mC] = UASalphatub84B.Dendra2}5 M Bloomington Stock Center 51315

y[1] w[*]; P{w[+m*] = nSyb-GAL4.S}3 Bloomington Stock Center 51635

w[*]; P{w[+mC] = GAL4-elav.L}3 Bloomington Stock Center 8760

GMR14F11-Gal4 Bloomington Stock Center 48653

P{GMR90C03-GAL4}attP2 Bloomington Stock Center 47122

w[1118]; P{w[+m*] = GAL4}repo/TM3, Sb[1] Bloomington Stock Center 7415

w[1118]; P{y[+t7.7] w[+mC] = GMR54C07-lexA}attP40 Bloomington Stock Center 61562

w[*]; P{w[+mC] = nrv2-GAL4.S}3; P{nrv2-GAL4.S}8 Bloomington Stock Center 6797

w[*]; P{y[+t7.7] w[+mC] = 13XLexAop2-mCD8-GFP}attP2 Bloomington Stock Center 32203

UAS-PGRP-SA This study

UAS-GNBP1 This study

vasPhiC31; attP40; attP2 Gift from S. Luschnig

Sp/CyO; srpHemo-moe::3xmCherry Gift from D. Siekhaus (34)

srpHemo-moe::3xmCherry /II;PrDr/TM3 Gift from D. Siekhaus (34)

Sp/CyO; srpHemo-H2A::3xmCherry Gift from D. Siekhaus, A (34)

Rec KM1 15a 68b Hml∆RFP/CyO Gift from K. Brückner

Tret1-1-Gal4 Gift from S. Schirmeier

Tret1-1-Gal80 This study

w[1118]; P{w[+mC] = UAS-GFP.dsRNA.R}143 Bloomington Stock Center 9331

nrxIV454 (85)

alrm-Gal80 (71)

nrv2-Gal80 Gift from S. Rodrigues

moody-Gal80 (86)

GMR90C03-Gal80 (86)

moody-Gal4 B1 (87)

moody-Gal4 B4 (87)

Gliotactin-Gal4 [rL82-Gal4] (88)

NP2222-Gal4 (89)

NP3233-Gal4 (89)

alrm-Gal4 (70)

repo-Gal4DBD Gift of N. Pogodalla

83E12-Gal4AD Gift of N. Pogodalla
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hemolymph. Injected late third instar larvae were kept on standard 
fly food plates at 30°C, where most of them enter pupariation around 
2 hours after infection.

Drosophila ex vivo brain infection by P. aeruginosa
An overnight PA14 preculture was set from glycerol stocks in LB at 
37°C. The bacterial preculture was diluted 1:20 in LB and was grown 
for 3 hours at 37°C. Ex vivo brain infections were performed as de-
scribed in (30). Briefly, ~109 CFU/ml was diluted 1:10 in the brain 
explant culture medium I [Drosophila Schneider’s medium (Gibco, 
217200-24) supplemented with 2 mM l-glutamine (Gibco, 25030-032) 
and 0.5 mM sodium l-ascorbate (Sigma-Aldrich, A4034)]. Brain 
explants were infected for 3 hours at 30°C under agitation. After 
3 hours, the culture medium I was replaced by culture medium II 
[culture medium I supplemented with 1% fetal bovine serum (Sigma-
Aldrich, F4135)] for another 3 hours.

Immunohistochemistry
For Immunohistochemistry, whole brains for all developmental 
stages were dissected, fixed, and stained using standard protocols. 
White prepupae were collected in a moist chamber and kept at 25°C 
until the desired age. The following antibodies were used: anti-Brp 
(1:100; NC82, Developmental Studies Hybridoma Bank), anti-dsRed 
(1:1000; Takara), anti-GFP (1:500; Abcam), anti-HRP DyLight 647 
conjugated (1:500; Dianova), anti-HRP fluorescein isothiocyanate 
conjugated (1:500; Thermo Fisher Scientific), anti-mCherry (1:1000; 
Invitrogen), anti-NrxIV (1:1000) (84), anti-Repo (1:2000; gift from 
B. Altenhein, Cologne), and anti-GBS (30). All secondary antibod-
ies (Alexa Fluor 488, Alexa Fluor 568, and Alexa Fluor 647 coupled; 
1:1000) were obtained from Invitrogen.

For bacterial infection, pupal brains were dissected at indicated 
time points and fixed for 20 min in 4% methanol–free formaldehyde 
at room temperature, washed in PBS 3 × 10 min, and permeabilized 
in PBT (PBS and 0.3% Triton X-100) 3 × 10 min. Brains were then 
incubated with rabbit anti-GBS at 4°C in blocking solution (PBT, 
5% bovine serum albumin, and 2% goat serum) for 18 to 36 hours, 
washed with PBT, incubated with secondary antibody for 3 hours at 
room temperature in blocking solution, and washed with PBT. Samples 
were incubated with Phalloidin–Atto 647N (Sigma-Aldrich, 65906) 
overnight at 4°C and mounted in Mowiol mounting medium with 
4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, 
62247). All images were acquired using a Zeiss LSM 880.

Electron microscopic analyses
Pupal filets were dissected in 4% formaldehyde and fixed in 4% 
formaldehyde and 0.5% glutaraldehyde at room temperature over-
night. The next day, filets were fixed in 2% OsO4 for 1 hour on ice 
and after washing with ultrapure H2O and stained in 2% uranyl 
acetate at room temperature for 30 min. Following dehydration, 
specimens were embedded in epon. Ultrathin sections were ob-
tained using a Leica UC7 Ultramicrotome and were imaged on a 
Zeiss TEM900 equipped with an SIS Morada digital camera.

Transplantation and bead injection
For bead injection and transplantation, appropriate wandering 
third instar larvae were collected and immobilized by incubation on 
ice. A Nanoject II (Drummond Scientific) was used for both exper-
iments. For bead injection, larvae were injected into the posterior 
lateral side with fluorescently labeled latex beads (Sigma-Aldrich, 

#L4655 and #L5530) diluted 1:100 in PBS. After injection, larvae 
were placed in a fresh vial with standard food and kept at room 
temperature. Pupae were collected, dissected, and analyzed. For 
transplantation, hemolymph of larvae with labeled macrophages 
was aspirated and directly injected into larvae with a pan-glial im-
munity induction. Injected larvae were placed on fresh food, and 
pupae were dissected 40 to 46 hours after injection.

Molecular genetics
Tret1-1-Gal80 was cloned using an entry clone containing the pro-
moter region of Tret1-1 (gift from S. Schirmeier) and a Gateway plas-
mid containing the Gal80 open reading frame. For cloning of 
UAS-PGRP-SA and UAS-GNBP1, the open reading frames of both 
genes were amplified from pupal complementary DNA (cDNA) 
using 5′-CACCATGCAGCCGGTTCGATT as forward and 5′-TTAG-
GGATTTGAGAGCCAGTGC as reverse primer for PGRP-SA, and 
5′-CACCATGCCAGGATTGTGCA as forward and 5′-TCAGTTG-
GCGAAGACACGAACA as reverse primer for GNBP1. Both ampli-
fied genes were inserted into the pENTR/D-TOPO vector, followed 
by a subsequent gateway reaction into the pUAST-attB-rfa vector.

To determine transcriptional changes following bacterial infec-
tion and immunity induction, qPCR was performed. RNA was iso-
lated from wandering third instar larvae or pupal brains with a 
pan-glial immunity induction. For bacterial infections, the brain 
was dissected 4  hours after inoculation. RNA was isolated using 
RNeasy mini (QIAGEN), and cDNA was synthesized using Quanti-
Tect (QIAGEN) according to the manufacturer’s instructions. qPCR 
for all samples was performed using a TaqMan gene expression assay 
in a StepOne Real-Time PCR System (Thermo Fisher Scientific; 
see Table 2) together with a TaqMan Universal PCR Master Mix II 
(Life Technologies). RpL32 was used as a housekeeping gene. For all 
samples, a minimum of four biological replicates were analyzed. For 
expression patterns directed by all Gal4 lines used, see Table 3.

Quantification and statistical analysis
Infiltrated macrophages were quantified using Imaris (version 8.4.1, 
Oxford Instruments). Statistical analysis and calculations for qPCR 

Table 2. TaqMan gene expression assays for qPCR.  

Gene TaqMan gene expression assay

RpL32 Dm02151827_g1

Pvf2 Dm01814370_m1

PGRP-LE Dm01839231_g1

PGRP-LC Dm01798314_m1

Relish Dm02134843_g1

Toll Dm02151201_g1

PGRP-SA Dm01837989_g1

Dif Dm01810798_g1

Dorsal Dm01810803_g1

Attacin-B Dm02135981_g1

Diptericin B Dm01821557_g1

Defensin Dm01818074_s1

Metchnikowin Dm01821460_s1
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analysis were acquired using Excel and Prism 6.0. Figure 10 represents 
pooled data of independent experiments. Normality/lognormality was 
tested using the D’Agostino–Pearson test. We analyzed each gene inde-
pendently as pairs. For the normal values, we performed a t test, and 
for the values not following a normal law, we chose Mann-Whitney.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh0050

View/request a protocol for this paper from Bio-protocol.
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