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Abstract

The Toll signaling pathway, first discovered in Drosophila, has a well-established role in immune responses in insects as well
as in mammals. In Drosophila, the Toll-dependent induction of antimicrobial peptide production has been intensely studied
as a model for innate immune responses in general. Besides this humoral immune response, Toll signaling is also known to
activate blood cells in a reaction that is similar to the cellular immune response to parasite infections, but the mechanisms
of this response are poorly understood. Here we have studied this response in detail, and found that Toll signaling in several
different tissues can activate a cellular immune defense, and that this response does not require Toll signaling in the blood
cells themselves. Like in the humoral immune response, we show that Toll signaling in the fat body (analogous to the liver
in vertebrates) is of major importance in the Toll-dependent activation of blood cells. However, this Toll-dependent
mechanism of blood cell activation contributes very little to the immune response against the parasitoid wasp, Leptopilina
boulardi, probably because the wasp is able to suppress Toll induction. Other redundant pathways may be more important
in the defense against this pathogen.
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Introduction

The immune response in Drosophila has become a useful model

to understand important aspects of innate immunity in other

organisms, including humans [1–3]. In response to bacterial or

fungal infections, the flies produce a set of antimicrobial peptides

[4], which are secreted into the hemocoel from the fat body, the

fly’s equivalent of a liver. The mechanisms of this humoral

response have been intensively investigated during the past

decades [5] and two signaling pathways were found to be

particularly important, the Toll and Imd pathways, serving as

models for the responses to the human Toll-like and TNF

receptors, respectively [6,7].

Despite the recent progress in this field, the biological role of the

Toll pathway in Drosophila immunity is still somewhat enigmatic.

Toll signaling is specifically activated by the Lys-type peptidogly-

cans that are found in the cell walls of many Gram-positive

bacteria, while the Imd pathway responds most vigorously to the

DAP-type peptidoglycans that are typical of other Gram-positive

bacteria and of most or all Gram-negatives. Surprisingly, this

specificity of induction is not matched by a corresponding target

specificity of the induced effector molecules [8–10] (see also

discussion in [1]). In fact, the Imd pathway is sufficient to induce

the entire complement of antibacterial and antifungal peptides [9].

In contrast, the known output of Toll signaling is more restricted

and it is not specifically geared towards those bacteria that have

Lys-type peptidoglycans. Drosomycin, a standard example of Toll-

induced effector molecules, is for instance an antifungal peptide

with no known activity against bacteria, regardless of peptidogly-

can structure [11].

However, Toll signaling is most likely important also for other

aspects of immunity, such as the cellular immune response. In

response to various kinds of immunological challenge, circulating

hemocytes (blood cells) in the Drosophila larva increase in number

and engage in defense reactions such as phagocytosis or

encapsulation. For example, infection of Drosophila larvae by

the parasitoid wasp Leptopilina boulardi causes the main class of

hemocytes, the plasmatocytes, to leave sessile compartments and

go into circulation. Many of them differentiate into lamellocytes,

which are big flat cells that form heavily melanized capsules

around the parasite egg [12–15]. Constitutively active Toll
mutants, such as Toll10b (Tl10b, also called Tl8) [16], generate a

very similar phenotype, with mobilization of sessile hemocytes,

increased numbers of circulating hemocytes, lamellocyte forma-

tion, and aggregation of hemocytes in melanotic nodules [17–19],

often called ‘‘tumors’’ or ‘‘pseudotumors’’. In agreement with a
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possible role of Toll signaling in the cellular immune defense,

Sorrentino et al. [20] reported that loss-of-function mutants in the

Toll signaling pathway have a reduced capacity to encapsulate

wasp eggs.

We have now studied the role of Toll signaling in the cellular

immune response in more detail. Surprisingly, our results show

that Toll signaling in non-hemocyte tissues, in particular the fat

body, is more important for the activation of a hemocyte response

than Toll signaling in the hemocytes themselves.

Materials and Methods

Fly stocks used
The following tissue-specific driver stocks were used: the

hemocyte-specific drivers HmlD-Gal4 (w1118; P{Hml-GAL4.D}2
P{wUAS-2xEGFP}AH2) [21] or He-Gal4 (P{He-GAL4.Z})

[13], or a combination of the two (genotype: eater-GFP, msn-
Cherry; HmlD-Gal4; He-Gal4/TM6, Tb). We also used the fat

body-specific driver FB-Gal4 (P{GAL4}fat) [22,23], the hemo-

cyte + fat body-specific driver Cg-Gal4 (w1118; P{Cg-Gal4.A}2)

[24], or the midgut-specific NP3064-Gal4 driver (y* w*;
P{GawB}NP3064). The UAS-GFP insert was removed from

the FB-Gal4 stock by recombination, and the driver was then

backcrossed six times to w1118 before we used it. HmlD-Gal4 was

obtained from Sergey Sinenko, but all Gal4 lines can be obtained

from the Bloomington Drosophila Stock Center at Indiana

University, except NP3064-Gal4, which was obtained from the

Drosophila Genetic Resource Center (DGRC) in Kyoto.

Although all drivers we used are well established in the

literature, we checked their tissue specificity by crossing to a

UAS-GFP reporter. For the most important drivers this is

illustrated in the Fig. S1. The FB-Gal4 driver shows strong

expression in the fat body (Fig. S1 A), with ectopic expression in

oenocytes, salivary glands and trachea, and weakly in anal pads,

but there is no detectable expression in the hemocytes (Fig. S1 B).

The tissue specificity is the same in the gain-of-function Toll10b

mutant (Fig. S1 C, C9 and D) as in the wild-type background. The

HmlD-Gal4 driver is expressed in a majority of the hemocytes, but

is down-regulated in the lamellocytes (Fig. S1 E–J). It shows no

ectopic expression. In third instar larvae, the He-Gal4 driver is

expressed in about 80% of the hemocytes, including plasmato-

cytes, lamellocytes and crystal cells. There is also strong ectopic

expression in salivary glands and weaker expression in parts of the

midgut. Combining the two hemocyte drivers give expression in

essentially all hemocytes. The Cg-Gal4 driver is expressed in fat

body and hemocytes, with no ectopic expression. The NP3064-
Gal4 driver is expressed in the midgut, and ectopically in salivary

glands and posterior spiracles. At earlier stages this driver is also

expressed elsewhere, including fat body and posterior hemocytes.

The binary UAS-Gal4 system [25] was used to create specific

loss-of-function phenotypes in larval intestines, hemocytes and/or

fat body using fly lines carrying RNAi constructs for Myd88
(MyD88GD25399 and MyD88GD25402), pelle (pllGD2889), dorsal
(dlGD45996), Dif (DifGD30579) and eater (eaGD4301), all obtained

from the Vienna Drosophila RNAi Center (VDRC). Control

w1118 iso flies, with the same isogenized genetic background [26],

were obtained from the Szeged Drosophila Stock Center (now

closed). The UAS-Tl10b stock (y w P{UAS-Tl10b}11), constructed

by J.-M. Reichhart (Centre National de la Recherche Scientifique,

Strasbourg, France), carries a Toll10b insert. Overexpression of this

construct is known to activate the Toll pathway [13].

The constitutively active Toll10b mutant (mwh1 e1 Tl10b/
T(1;3)OR60/TM3, Sb1 Ser1) [16] was obtained from the

Bloomington Drosophila Stock Center at Indiana University.

The following hemocyte class-specific reporter lines used in this

study were obtained from Robert Schulz’ lab: for plasmatocytes

eater-GFP [27] and eater-DsRed [28], and for lamellocytes

MSNF9mo-mCherry (hereafter called msn-Cherry) [28]. For in
vivo observation of Toll activation, we used the Drs-GFP reporter

(P{Drs-GFP.JM804}1) [29], obtained from D. Ferrandon.

Fly crossing and handling of larvae
For each experimental cross 20 virgin females and 5–10 males

of the desired genotypes were confined into a bottle containing

standard potato food diet with yeast. Crosses were transferred into

new bottles daily and kept in an incubator at 29uC and 60%

humidity for optimal efficiency of the UAS/GAL4 system in their

offspring. After 4-5 days larvae were staged according to

procedures published elsewhere [30]. Wandering third instar

larvae, at a stage just before the gut contents were completely

cleared, were collected for in vivo inspection.

Wasp infection
The genetic background of the fly stocks substantially influences

the outcome of the wasp infection experiments. We therefore

backcrossed all GAL4 driver lines six times to a w1118 line. With

this genetic background, approximately 50% of the larvae were

successfully parasitized by Leptopilina boulardi. Gal4 driver virgin

females were crossed to RNAi males. As controls served Gal4

driver virgins crossed to w1118 iso males (the genetic background of

the RNAi lines), and w1118 virgin females (the genetic background

of the Gal4 lines) crossed to RNAi construct males. This ensured

that the genetic backgrounds of the experimental crosses were

similar to those of the control crosses. The flies were kept at room

temperature and transferred into fresh vials daily. The vials that

contained the eggs were shifted to 29 uC. The fly larvae were

infected by leaving them with twenty female and ten male wasps

during two hours on the third day after egg lay. We used L.
boulardi G486 for all infection experiments. We scored encapsu-

lation of wasp eggs 27–29 h and the ability to kill the parasitoid

48–50 h after infection. A wasp egg was counted as encapsulated if

melanin had been deposited on it, and a parasite as successfully

killed when we found melanized wasp eggs or melanized and killed

wasp larvae within the body cavities of the dissected fly larvae. All

experiments were done in triplicate and at least 100 infected larvae

were scored for each experiment.

Nodule frequency and grading of sessile hemocyte
banding pattern

Before analysis, bottles containing the crosses were assigned

with arbitrary numbers to blind the examiner and the real

composition of the cross was not revealed before completion of the

experiment. For assessing nodule frequencies, 50 F1 progeny third

instar larvae from each cross were collected at random, gently

washed with a paintbrush in water before being inspected for

nodules under a standard stereo microscope. To grade the banded

pattern of sessile hemocytes, additional larvae were collected and

laid with their ventral side down on ice-cold glass slides. The

larvae were then embedded in 50% ice-cold glycerol under a cover

glass before being transferred into a refrigerator. After 20 min at

220uC or over-night incubation at +4uC, they were placed on ice

and immediately analyzed under a fluorescence microscope. For

each cross, 16–22 larvae were individually scored for the degree of

disruption of the bands of sessile hemocytes under the epidermis

[31]. A mobilization index was defined as follows: Grade 1, larvae

with sessile hemocyte bands in all segments; Grade 2, and 3, bands

of sessile cells in less than 75 and 50% of the segments respectively;
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Grade 4, no discrete band of sessile cells in any, or at most in the

posterior 25% of the segments. All crosses were repeated three

times and the nodule frequencies and the average mobilization

indexes were calculated each time.

Blood cell preparation and counting
To collect blood cells, 10 third instar larvae per cross were

placed separately in the wells of a 12-well glass slide, each

containing 20 ml of ice-cold phosphate-buffered saline (137 mM

NaCl, 2.7 mM KCl, 6.7 mM Na2HPO4, 1.5 mM KH2PO4). The

animals were carefully ripped open with the help of two

watchmaker forceps, the carcasses were removed from the glass

slide, and 10 ml of the blood cell suspension were transferred to a

Neubauer hemocytometer chamber (Paul Marienfeld GmbH &

Co. KG, Lauda-Königshofen, Germany). Lamellocytes and

plasmatocytes were distinguished based on their morphology and

counted in a phase contrast microscope (Axioplan, Carl Zeiss, 40–

60 x magnification).

Drs-GFP induction experiment
Twenty Drs-GFP females were crossed to ten w1118 males. The

crosses were treated as described above. 48–50 h after infection

the fly larvae were first scored for Drs-GFP expression in the fat

body and then for wasp infection. Drs-GFP was scored according

to the strength of GFP induction as GFP- (no GFP induction),

GFP+ (weak GFP induction mainly in the posterior fat body) and

GFP++ (strong and systemic GFP expression in the entire fat body).

The infected fly larvae were then further divided into different

categories, depending on the outcome of the infection. As

described previously [29], a few individuals showed GFP

expression in parts of the tracheal system. This phenotype was

independent of wasp infection and was therefore not included in

the analysis. All experiments were done in triplicate, with at least

200 infected larvae in each experiment. GFP expression was

observed with a Nightsea add-on light & filter set (with Royal Blue

color light head), attached to a standard dissection microscope.

Phagocytosis assay with primary hemocytes
Larval hemocytes were isolated from the offspring of the

indicated crosses. Ex vivo bacterial phagocytosis assays were

performed as described earlier [32], with the following modifica-

tions: wandering third instar larvae were disinfected in 5% sodium

hypochlorite solution for 2 min, washed 3 times in H2O, and bled

into 1 ml ice-cold Schneider’s Drosophila medium (Sigma-

Aldrich). Then, excess medium was removed, 36106 FITC-

labeled bacteria were added and centrifuged briefly onto the cells,

and the cells were allowed to phagocytose for 10 min at 25 uC.

Plates were returned on ice, the cells were fixed with 2%

glutaraldehyde at room temperature, and extracellular fluorescent

particles were quenched with a trypan blue solution. Microscopy

and imaging were performed using Olympus IX71 microscope

with F-view soft imaging system and QCapture Pro 6.0 software.

Imaging and microscopy
Images were taken with a Nikon Digital sight color camera (Ds-

Fi1), through a Nikon Eclipse 90i microscope run by NIS-

Elements AR software. ApoTome images were taken with a Zeiss

AxioCam (HRm) through a Zeiss AxioImager.M2 microscope

with ApoTome2 for structured illumination. All images were

enhanced using Photoshop CS3 software.

Statistical analysis
A Kruskal-Wallis test was run to determine differences in the

average mobilization index calculated for repeated crosses of the

same genotype as well as different genotypes. Pairwise compar-

isons were performed using Dunn’s procedure with a Bonferroni

correction for multiple comparisons [33]. Post-hoc analysis was

used to determine statistically significant differences of the average

grades between crosses. Data from plasmatocyte counts was log10

transformed and then analyzed for significant differences using

independent samples T-test (2-tailed), equal variances not

assumed. Lamellocyte numbers of different crosses were compared

using Mann-Whitney U exact test (2-tailed). The proportions of

encapsulated wasp eggs and killed parasites of each cross were

transformed by the arctangent function. Then, we used a 2-tailed

T-test to compare the control crosses to the experimental crosses

to determine statistical significance. All statistical data analysis was

done with the IBM SPSS software, version 20.

Results

Tissue-specific activation of toll signaling
In agreement with previous observations [13,31], we found that

it was sufficient to express a constitutively active UAS-Tl10b

construct in hemocytes to mimic most aspects of an activated

cellular immune response, including a disruption of the segmental

pattern of sessile hemocytes in the body of Drosophila larvae, as

detected with the plasmatocyte-specific eater-GFP reporter

(Fig 1B, compare to 1A), an increased number of circulating

plasmatocytes (Fig. 1D), and generation of lamellocytes (Fig. 1E).

Lamellocytes were also detected in vivo with the msn-Cherry
reporter (Fig. 1B9). No lamellocytes were detected in the control,

only ectopic msn-Cherry expression in the lateral transverse

muscles, (ltm, Fig. 1A9). A natural assumption would therefore

be that the hemocyte phenotype of the Toll10b mutant is caused by

Toll signaling in the hemocytes themselves. However, we found as

strong, or even stronger, effects when we expressed the UAS-Tl10b

construct in other tissues (Fig. 1C–E). Strikingly, compared to the

control, the total number of circulating plasmatocytes increased

more than ten-fold when we used the FB-Gal4 driver to express

UAS-Tl10b in the fat body, suggesting a proliferative response

(Fig. 1D). Strong effects were also seen when we used the midgut-

specific NP3084-Gal4 driver, or the Cg-Gal4 driver, which is

expressed both in hemocytes and fat body (Fig. 1D). Toll

activation in any of these tissues also led to the appearance of

variable numbers of circulating lamellocytes (Fig. 1B9, C9, E). The

quantification of lamellocytes was not entirely reliable, as many of

them end up in melanotic nodules, but the presence of

lamellocytes confirmed that the cellular immune response

program had been activated. The sessile band disruption

phenotype [31] as well as the increased hemocyte numbers

(Fig. 1D–E) caused by the UAS-Tl10b constructs were suppressed

when we co-expressed an RNAi construct for the MyD88 gene,

which acts downstream of Toll in the Toll pathway. This confirms

the role of Toll signaling for these effects.

Requirement of toll signaling in the fat body for toll-
dependent activation of a hemocyte response

Our results show that an activated Toll signaling pathway in

tissues like the fat body is sufficient to cause an immune response-

like phenotype in the hemocytes. The fat body is a major organ,

especially in the larva, and the role of Toll signaling in this tissue is

already well established in the context of humoral immunity. We

therefore next investigated to what extent the fat body also

contributes to the hemocyte phenotype of the Toll10b gain-of-
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function mutant. To observe hemocytes inside the living third-

instar larvae we used three different fluorescent hemocyte markers:

HmlD-Gal4-driven UAS-GFP (Hml.GFP for short) and/or eater-
GFP for plasmatocytes, and msn-Cherry (MSNF9mo-mCherry) for

lamellocytes [13,28,34]. As shown in Fig. 2, the segmental pattern

of sessile plasmatocytes in control larvae (panels A and D, white

arrowheads) was disrupted in the Toll10b mutant (panels B and E),

like it was after UAS-Tl10b expression (Fig. 1B, C), indicating that

the hemocytes had been mobilized. We could not suppress this

Toll10b mutant phenotype by blocking Toll signaling in the

hemocytes, using the MyD88GD25399 RNAi construct, together

with the hemocyte-specific HmlD-Gal4 driver. If anything, it was

even enhanced (panel C). In contrast, we could rescue the wild-

type pattern by blocking Toll signaling in the fat body (panel F).

These effects could be verified by quantitative scoring of the

segmental pattern phenotype, and they were found to be highly

significant (Fig. 2G). We know that MyD88GD25399 is a reliable

suppressor of Toll signaling [31]. In addition, we also tested to

knock down other Toll pathway components in the hemocytes by

expressing RNAi constructs for pelle, dorsal and Dif, but none of

these constructs could suppress the Toll10b phenotype (Fig. 2H).

Thus, we conclude that the mobilization of sessile hemocytes in the

Toll10b mutant depends on Toll signaling in the fat body, but not

in the hemocytes.

In wild-type larvae, plasmatocyte markers were mainly

expressed in the large paired primary lobes of the lymph glands

(Fig. 2I–I999; the lymph glands are also visible inside the

demarcated regions in Fig. 2A and D). Within the primary lobes,

Hml.GFP expression was restricted to the cortex. Unexpectedly,

however, eater-DsRed was expressed in the entire lobe (Fig. 2I-I999)

and, unlike Hml.GFP, eater-DsRed could also be detected in the

secondary lobes. In the Toll10b mutant lymph glands we could

observe a previously undescribed phenotype. The primary lobes

appeared to be completely absent. Instead, rows of secondary

lobes showed strong expression of both plasmatocyte markers

(Fig. 2B and E, and Fig. 2J–J999). This phenotype must also be an

indirect effect of Toll signaling in the fat body, as it was reversed

when we blocked Toll signaling in the fat body (Fig. 2F), but not

when we blocked Toll in the hemocytes (Fig. 2C).

As a further sign of hemocyte activation in the Toll10b mutant,

melanized hemocyte aggregates were seen in many of the mutant

larvae (white arrowheads in Fig. 3B and D, quantified in Fig. 3K).

Figure 1. Forced Toll signaling in several different tissues triggers a hemocyte response. The pattern of sessile cells in a control third
instar larva (A), or after expression of UAS-Toll10b (.Tl10b) in hemocytes with the HmlD-Gal4, He-Gal4 (HH.) double driver (B) or in fat body with the
FB-Gal4 (FB.) driver (C). The total number of circulating plasmatocytes (D) and lamellocytes (E) is dramatically increased in the hemolymph of larvae
when UAS-Toll10b (.Tl10b) is expressed with different drivers: in hemocytes by HmlD-Gal4 (Hml.), in fat body by FB-Gal4 (FB.), in hemocytes plus fat
body by Cg-Gal4 (Cg.), and in intestine by NP3084-Gal4 (Gut.), compared to the w1118 control (+). This effect was suppressed by co-expressing the
UAS-MyD88GD25399 RNAi construct (.MyD88IR). In A-C, plasmatocytes were visualized with the eater-GFP reporter, and in A9-C9 also lamellocytes with
the msn-Cherry reporter, using ApoTome imaging. In the control larva (A9) msn-Cherry is ectopically expressed in the lateral transverse muscles (ltm).
In the Toll10b-expressing larvae (B9, C9), msn-Cherry fluorescence is mainly seen in the lamellocytes. Larvae of the genotype shown in (C) had to be
kept at 26 uC, all other experiments were at 29 uC. The larvae are oriented with the anterior end up. In D and E the cell types were distinguished by
morphology and their numbers were counted in hemolymph samples of 10 individual larvae per cross. The results are presented as the means +/2
standard deviation and the significance levels were estimated by independent sample T-test (two-tailed) in D and Mann-Whitney U exact test (two-
tailed) in E.
doi:10.1371/journal.pone.0102568.g001
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These melanotic nodules became less frequent when we blocked

Toll signaling in the fat body by expressing a MyD88 RNAi

construct (Fig. 3E and K). Furthermore the remaining nodules

were smaller (Fig. 3E). In contrast, the size of and frequency of

nodules increased when we blocked Toll signaling in the

hemocytes (Fig. 3C and K). Expressing RNAi constructs that

target other known Toll signaling components in hemocytes had a

similar effect (Fig. 3L). MyD88 knock-down in both fat body and

Figure 2. Mobilization of sessile hemocytes in the Toll10b gain-of-function mutant is suppressed after blocking Toll signaling in the
fat body but not in the hemocytes. A–F. Plasmatocyte distribution is shown in control (+) and Toll10b gain-of-function mutant (Tl10b) third instar
larvae, with or without suppression of Toll signaling by the UAS-MyD88GD25399 construct (.MyD88IR), driven in hemocytes by HmlD-Gal4 (Hml.) or in
fat body by FB-Gal4 (FB.). The plasmatocytes are visualized by HmlD-Gal4-driven UAS-GFP and the eater-GFP reporter (in A–C), or by eater-GFP alone
(in D–F). Segmental bands of sessile plasmatocytes (white arrowheads) indicate that the plasmatocytes are in a resting state. Dashed lines demarcate
the region occupied by the lymph glands. G. Quantification of the mobilization of sessile plasmatocytes in larvae of the genotypes shown in panel A.
Mobilization index = 1 corresponds to a fully developed banding pattern and 4 indicates total loss of the sessile bands. The bars show the means +/2
standard deviation, and sample sizes N are shown within the bars. H. Additional genotypes tested as in G. I, J. Morphology of dissected lymph glands
from control (I–I999) or Toll10b mutant (J–J999) third instar larvae. Two plasmatocyte reporters are used to visualize the cells, HmlD-Gal4-driven UAS-GFP,
which stains differentiated plasmatocytes in the lymph gland cortex, and eater-DsRed, which is also seen in the undifferentiated medullary cells. The
larvae and lymph glands are oriented with the anterior end up. Size bar in A–F corresponds to 1 mm and in I–J to 0.1 mm.
doi:10.1371/journal.pone.0102568.g002
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hemocytes (by Cg-Gal4) did not further enhance the suppression

of nodule frequencies compared to MyD88 RNAi in fat body

alone (Fig. 3K). These results give further support to the

conclusion that signaling from fat body, not hemocytes, causes

blood cell activation phenotypes in Toll10b mutant larvae.

The aggregates of hemocytes observed in the Toll10b mutant

larvae were not all melanized, but they always included many

lamellocytes, as shown by the strong expression of the marker for

this cell type, msn-Cherry (Fig. 3G and I, white arrowhead). Strong

ectopic expression of this marker in certain groups of muscles, such

as the lateral transverse bundles of segmental muscles and the

alary muscles of the heart (marked ltm and am in Fig. 3), made it

difficult to follow the lamellocytes in vivo. However, scattered

sessile lamellocytes were seen in the Toll10b mutant larvae (Fig. 3G

and I). This phenotype was suppressed when we expressed a

MyD88 RNAi construct in the fat body (Fig. 3J), but enhanced

when it was expressed in hemocytes (Fig. 3H). Furthermore, the

msn-Cherry marker became activated in pericardial cells of the

Toll10b mutant (marked pc in Fig. 3G and I), and this is also a

phenotype that was suppressed when we blocked Toll signaling in

the fat body (Fig. 3J), but enhanced when we blocked it in

hemocytes (Fig. 3H).

The Toll10b mutant had increased numbers of plasmatocytes

and lamellocytes in circulation (Fig. 4), although the increase was

not as large as when we overexpressed a UAS-Tl10b construct in

different tissues (Fig. 1). The plasmatocyte numbers were also

affected by the different genetic backgrounds of the tested driver

constructs (compare the dark bars in Fig. 4A), calling for some

caution in the interpretation of our results. In line with our

observations of other hemocyte-related phenotypes of the Toll10b

Figure 3. Toll-dependent formation of melanotic nodules requires Toll signaling in fat body but not in the hemocytes. A–E. Control
(+) or Toll10b gain-of-function mutant (Tl10b) third instar larvae are shown with or without suppression of Toll signaling by the UAS-MyD88GD25399

construct (.MyD88IR), driven in hemocytes by HmlD-Gal4 (Hml.) or in fat body by FB-Gal4 (FB.). Melanotic nodules are seen as black spots, as
indicated by white arrowheads. F–J. Expression of the lamellocyte marker msn-Cherry in larvae of the same genotypes as in A–E. The posterior ends of
the larvae are shown. Lamellocytes are incorporated in nodules (white arrowheads). Free lamellocytes can also be seen as small red dots in H and I.
Strong ectopic expression of the msn-Cherry marker is seen in lateral transverse muscles (ltm) and alary muscles (am). In Toll10b mutants (G–I) it is also
expressed in pericardial cells (pc), except when Toll is suppressed in the fat body (J). K–L. Bars represent the average frequency +/2 standard
deviation of larvae with at least one melanotic nodule, as calculated from three independent crosses for each of the genotypes described above, with
50 larvae in each experiment. In a single experiment, Toll signaling was simultaneously suppressed in hemocytes and fat body by the Cg-Gal4 driver
(Cg.). Size bars in A–E correspond to 1 mm and in F–J to 0.2 mm.
doi:10.1371/journal.pone.0102568.g003
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mutant, the plasmatocyte numbers were reduced when we blocked

Toll signaling in the fat body, but they were unaffected when Toll

was blocked in hemocytes (Fig. 4A). Simultaneous expression of a

Myd88 RNAi construct in fat body and hemocytes had the same

effect as expression in fat body alone. The number of lamellocytes

was reduced, not only when we blocked Toll signaling in the fat

body but also when we blocked Toll in hemocytes, or in both

places (Fig. 4B). This was unexpected, as other aspects of the

Toll10b phenotype become enhanced when Toll is blocked in the

hemocytes. This paradox might be resolved by the observation

that these larvae have bigger and more frequent nodules (Fig. 3C

and K). It is therefore possible that the accumulation of

lamellocytes in the nodules explains the reduced number of

lamellocytes in circulation. Alternatively, we may have underes-

timated the number of lamellocytes if their morphology is not fully

developed in these animals.

The role of toll in the cellular immune defense
To test how Toll signaling affects the cellular immune defense,

we followed the outcome of Leptopilina boulardi infections after

suppressing Toll signaling by expressing RNAi constructs for

MyD88 or pelle in fat body or hemocytes. Contrary to our

expectations, this had no consistent effect on the actual killing of

the parasite, as scored in dissected larvae 48–50 h after infection,

regardless of whether we blocked Toll in the fat body or hemocytes

(Fig. 5A). We also scored the presence of melanized capsules at an

earlier time point, 27–29 h after infection, without checking the

survival of the parasites (Fig. 5B), but again we saw no significant

effect when we blocked Toll signaling in the fat body. With the

RNAi approach we cannot completely rule out that residual

activity of the pathway may account for the encapsulation and

killing of the wasp larvae, but the efficacy of the MyD88 RNAi

constructs was proven in the suppression of the Toll10b phenotype.

MyD88GD25399 has also previously been used successfully to block

Toll signaling [31]. Surprisingly, the response was even enhanced

when we blocked Toll in hemocytes. The latter finding was in line

with the enhancement of the Toll10b melanotic nodule phenotype

when Toll signaling was blocked in hemocytes (Fig. 3), but it gave

no support for a positive role of Toll in the defense against this

wasp, and we conclude that the encapsulation and killing of the

wasp larvae must primarily rely on Toll-independent mechanisms.

Parasites tend to have mechanisms to suppress the immune

defenses of their hosts. We therefore investigated the level of Toll

activation during the course of infection, using larvae with a Drs-
GFP construct as a reporter for Toll activity. In a majority of the

infected larvae we were unable to detect any Toll activity (Fig 5C,

GFP-). Of a total of 632 infected larvae, only 224 (35%) showed

signs of Toll activation, in most cases manifested as a weak activity

in the posterior fat body (Fig 5C, GFP+), although strong

activation throughout the fat body was seen in a few cases

(Fig. 5C, GFP++). By contrast, out of nine larvae that the wasp had

stung without injecting any egg, Toll was activated in seven, and as

many as four of them were scored as strong. Thus, the presence of

a wasp egg was correlated to a reduced Toll response, giving

support for a Toll suppressor being injected with the wasp egg. No

GFP expression was seen in the fat body of control larvae that had

not been exposed to wasps.

In spite of the negative findings described above, the immune

response seemed to be correlated to the level of Toll activation.

We dissected the larvae 48 h after infection and noted the

outcome of the infection. Those larvae where the parasite was

found alive and without signs of encapsulation (the ‘‘live, no

capsule’’ category) were almost all GFP-negative (Fig. 5D). In

contrast, Toll signaling was evident in almost half of the

individuals where parasites were encapsulated but still alive (the

‘‘live, encapsulated’’ category). In the final category, where the

parasite was encapsulated and killed (‘‘dead, encapsulated’’), the

proportion of larvae that showed Toll activation was again smaller.

Thus, the level of induction of Toll in the fat body is correlated to

the level of the immune response.

We also investigated the possible influence of Toll signaling on

another aspect of the cellular immune response, the phagocytosis

of bacteria. Hemocytes from wandering third instar larvae were

incubated ex vivo with fluorescently labeled Escherichia coli
bacteria. However, with this assay we could not observe any effect

of Toll up- or down-regulation, neither in the fat body nor in the

hemocytes (Fig. S2).

Figure 4. Toll-dependent hemocyte proliferation requires Toll
signaling in fat body but not in hemocytes; Lamellocyte
formation depends on Toll signaling in both tissues. A. The
number of plasmatocytes is increased in the hemolymph of larvae
carrying the Toll gain-of-function mutant Toll10b. This phenotype is not
affected when Toll signaling is suppressed by the UAS-MyD88GD25399

construct (.MyD88IR) with a hemocyte driver (Hml.), but it is partially
reversed with fat body (FB.) or hemocytes plus fat body (Cg.) drivers.
B. Circulating lamellocytes are found in Toll10b larvae. This phenotype is
partially reversed when Toll signaling is suppressed by Myd88 RNAi in
hemocytes (Hml.), fat body (FB.) or in both hemocytes and fat body
(Cg.). Plasmatocytes and lamellocytes were distinguished by morphol-
ogy and counted separately. The results are presented as the means
+/2 standard deviation from three independent experiments with ten
individual larvae in each cross, and the significance levels were
estimated by independent sample T-test (two-tailed) in A and Mann-
Whitney U exact test (two-tailed) in B.
doi:10.1371/journal.pone.0102568.g004
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Discussion

Clearly, Toll signaling is involved in several immunity-related

phenomena in Drosophila. The well-known humoral response,

with the fat body as a main player, is largely cell-autonomous and

the same thing is likely true for the local induction of antimicrobial

peptides in hemocytes and other tissues. Our results underscore

that Toll signaling can also be an important factor in the activation

of a cellular immune response. However, as we have shown here,

Toll-dependent activation of hemocytes is not a cell-autonomous

phenomenon. Toll signaling in any one of several tested tissues,

including hemocytes, is sufficient to trigger a hemocyte response.

Surprisingly, however, the Toll pathway is not required in the

hemocytes themselves, at least not in the context of a generalized

Toll activation, like in the Toll10b gain-of-function mutant. In fact,

the Toll10b phenotype is even enhanced when Toll signaling is

suppressed in the hemocytes, indicating a possible negative

feedback loop. Similarly, the encapsulation of parasitoid wasp

eggs is more vigorous when Toll signaling is blocked in the

hemocytes.

Like in the humoral immune response, we have shown that the

fat body is a major player in Toll-dependent hemocyte activation.

The fat body is a dominating organ in most insects, with a function

similar to that of the liver in vertebrates. It is biosynthetically very

active and a source of many components of the body fluids in

Drosophila, the hemolymph. Toll induction in response to

bacterial infection, as detected with the Drs-GFP reporter [29],

is most strikingly seen in the fat body, and it is also in this tissue

that we see a Toll response after wasp infection. Toll induction in

the fat body of L. boulardi-infected larvae was also reported by

Schlenke et al. [35]. Although other tissues may contribute, the

relative importance of the fat body for Toll-dependent hemocyte

activation is demonstrated by the strong suppression of the Toll10b-

induced hemocyte phenotypes when we blocked Toll signaling in

the fat body.

Besides the effects on circulating and sessile hemocytes that we

have shown here, Toll signaling in the fat body also appears to

feed back on the hematopoietic tissue. The constitutively active

Toll10b mutation showed strong phenotypic effects on the lymph

glands, an effect that went unnoticed in earlier work [19,36]. The

Figure 5. Killing of parasitoid wasp eggs does not require Toll signaling in the fat body or hemocytes, but the outcome of infection
is correlated to Toll activation in the fat body. A. Percentage of killed parasites, as seen in dissected larvae 48–50 hours after infection. No
consistent effect is seen after suppressing Toll signaling with the fat body driver FB-Gal4 (FB.) or with the double hemocyte driver HmlD-Gal4 He-Gal4
(HH.), crossed to MyD88 RNAi constructs (.MyD88IR) MyD88GD25399 (399) or MyD88GD25402 (402), or to a pelle RNAi construct (.pllIR), pllGD2889. B. The
percentage of parasitized larvae that have visible black capsules 27–29 hours after infection (genotypes are the same as in A). Suppressing Toll
signaling with the double hemocyte driver Hml-Gal4 He-Gal4 (HH.) does significantly enhance the encapsulation response, whereas suppressing Toll
signaling with the fat body driver FB-Gal4 (FB.) does not have any effect on encapsulation. C. Activation of Toll signaling in the fat body of
parasitized larvae, as visualized with the Drs-GFP reporter and ApoTome imaging. Most larvae show no activation (GFP-) 48–50 hours after infection,
some show weak activation, mainly in the posterior end (GFP+), and a few show strong generalized activation (GFP++). D. Correlation between Drs-
GFP activation and the encapsulation response, as seen after dissecting larvae 48–50 hours after infection. The dissected larvae were divided into four
categories, depending on the outcome of the infection: ‘‘live, no capsule’’ (living wasp larvae and no melanization), ‘‘live encapsulated’’ (living wasp
larvae and destroyed melanized capsules), ‘‘dead encapsulated’’ (dead, melanized wasp larvae or melanized wasp eggs), and ‘‘stung, no egg’’ (fly
larvae with a clear ovipositor wound but without a parasite). The bars show the percentage of larvae within each category with no, weak, or strong
GFP expression. Average +/2 standard error of the mean, from three independent experiments with more than 200 larvae in each experiment, * p,
0.05, ** p,0.01, *** p,0.001. The total number of larvae in each category is indicated.
doi:10.1371/journal.pone.0102568.g005
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primary lobes were absent, perhaps prematurely disrupted or not

properly formed, and instead the secondary lobes were hypertro-

phied. It was sufficient to suppress Toll signaling in the fat body to

restore the wild-type phenotype. Thus, in a Toll-dependent way,

the fat body can control several different aspects of hemocyte

activation and differentiation.

We conclude that Toll signaling, particularly in the fat body,

can act as a potent activator of a hemocyte response. It was

therefore a surprise to find that this Toll-dependent activation of

the hemocytes plays only a minor role, if any, in the immune

defense against L. boulardi. A likely explanation is that wasps

inject an inhibitor of Toll activation during oviposition. This idea

is supported by our observation that the Toll response is

attenuated in the infected Drosophila larvae, compared to

individuals that were only poked with the ovipositor. The

hypothetical inhibitor must act upstream of Toll itself, as wasp

infection does not attenuate the constitutively activated expression

of the Drs-GFP reporter in the Toll10b mutant ([35], and data not

shown). One possible candidate for this inhibitor is the serpin

described by Colinet et al. from the venom of L. boulardi [37].

During oviposition, the wasp injects this serine protease inhibitor

into the host where it inhibits the enzymes that activate phenol

oxidase, thereby blocking the melanization reaction. Since similar

serine protease cascades are required to activate the Toll ligand

Spätzle, it is possible that Toll signaling is blocked as well. A

similar strategy has been found in some Ichneumonid wasps that

parasitize lepidopteran hosts. During oviposition these wasps

transfer symbiotic ichnoviruses that express vankyrins, IkB-like

molecules that act as Toll pathway inhibitors when tested in

Drosophila [38].

The observed correlation between Toll activation in the fat

body and the outcome of the wasp infection suggests that Toll

signaling does contribute to the defense. For instance, a minority

of the infected Drosophila larvae failed completely to mount an

immune response, and those larvae hardly ever showed any sign of

Toll activation. However, under our conditions, the contribution

of Toll signaling to the immune defense was not sufficient to

influence the fate of the main population of host larvae to a

significant extent. Working with classical mutations in the Toll

pathway, Sorrentino et al. [20] could detect an effect, albeit

modest, on the resistance against the wasps, but their experiments

are difficult to compare with ours. First, the classical mutants

might affect early stages of hematopoiesis in a way that our RNAi

approach does not. The classical mutants also affect tissues that we

have not tested, like for instance the posterior signaling center,

where Toll signaling has been shown to affect hematopoiesis [38].

Second, the encapsulation response is extremely sensitive to

genetic background, a factor that was easier to control in our

crosses. In any case, it is clear that Drosophila must have other,

Toll-independent, ways to activate the cellular defense against

parasitoid wasps, and that the system is likely to be highly

redundant.

Important questions that remain for the future are how the fat

body communicates with the hemocytes, and how the fat body is

activated in the first place. We have considered the possibility that

the activated hemocyte phenotype reflects an autoimmune

response against the fat body, which often dissociates earlier in

Toll10b larvae than in the wild-type control ([18]; see also Fig. S1,

panel C9). However, this explanation is unlikely since the

melanotic nodules were not specifically associated with the fat

body. The effects we observed on the lymph glands and pericardial

cells also argue for a diffusible signal.

In the larva, the Toll ligand Spätzle is mainly produced by

hemocytes [39]. This opens a possibility that the hemocytes are

directly involved in the activation of the fat body [40], thus

generating a positive feedback loop. However, Spätzle itself must

then first be activated by proteolytic cleavage, which would require

additional signals. A primary recognition event at the injected egg

is not necessarily required to activate the fat body, as we saw a

good Toll response in larvae that the wasp had stung without

laying any egg. It is possible that signals are sent from the wound

site. Alternatively, Toll might be activated by bacteria that are

introduced via the wound. The antimicrobial immune response,

triggered by bacterial infections and perhaps wounds, may act as a

danger signal and boost a general arousal of the cellular defenses.

Similarly, Parisi et al. [41] recently described an interaction

between hemocytes, the Toll-activated fat body, and epithelial

tumors, eventually leading to tumor cell death. These phenomena

suggest that the fat body, and perhaps other tissues too, participate

in a systemic response that controls the general activity level of the

organism’s defense systems.

Supporting Information

Figure S1 Tissue specificity of the FB and Hml drivers. The

expression of the FB-Gal4 (A–D) and HmlD-Gal4 (E–J) drivers

was visualized by GFP fluorescence after crossing to the UAS-GFP
reporter. Similar patterns were seen in Toll wild-type (A–B, E–G)

and Toll10b genetic background (C–D, H–J). Panels A, C, C9, E

and H show whole-body images of the GFP fluorescence. The

demarcated areas in E and H are shown enlarged in panels F and I

(bright-field images to the right). The fat body morphology in

many, but not all Toll10b larvae is partially disrupted (compare C

and C9). Panels B, D, G and J show hemolymph samples, in each

case visualized by GFP fluorescence (GFP), Hoechst fluorescence

(H) and differential interference contrast (DIC). Lamellocytes are

marked by white arrowheads.

(PDF)

Figure S2 No effect of Toll signaling on the phagocytosis of

bacteria. Toll signaling was activated by expression of UAS-
Toll10b (.Tl10b), or suppressed by expression of UAS-
MyD88GD25399 (.MyD88IR), either in hemocytes by HmlD-Gal4
(Hml.), or in fat body by FB-Gal4 (FB.). As a control, the eater
RNAi construct eaGD4301 (.eaterIR) was also tested, but gave little

effect. Hemocytes from larvae with these genotypes were

incubated with FITC-labeled E. coli, and the phagocytosed

bacteria are visualized by fluorescence, after quenching of

extracellular bacteria with trypan blue. The top rows show

controls without drivers. The leftmost panels show the drivers

alone.

(PDF)
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