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SUMMARY

Metazoans tolerate commensal-gut microbiota by
suppressing immune activation while maintaining
the ability to launch rapid and balanced immune reac-
tions to pathogenic bacteria. Little is known about the
mechanisms underlying the establishment of this
threshold. We report that a recently identified Dro-
sophila immune regulator, which we call PGRP-LC-
interacting inhibitor of Imd signaling (PIMS), is re-
quired to suppress the Imd innate immune signaling
pathway in response to commensal bacteria. pims
expression is Imd (immune deficiency) dependent,
and its basal expression relies on the presence of
commensal flora. In the absence of PIMS, resident
bacteria trigger constitutive expression of antimicro-
bial peptide genes (AMPs). Moreover, pims mutants
hyperactivate AMPs upon infection with Gram-nega-
tive bacteria. PIMS interacts with the peptidoglycan
recognition protein (PGRP-LC), causing its depletion
from the plasma membrane and shutdown of Imd
signaling. Therefore, PIMS is required to establish
immune tolerance to commensal bacteria and to
maintain a balanced Imd response following expo-
sure to bacterial infections.

INTRODUCTION

Metazoans live in close contact with a multitude of microbes with

which they establish complex reciprocal interactions. Some of

these relationships result in commensalism, where one partner

benefits and the other remains unharmed, while others can range

from colonization to infectious disease (Casadevall and Pirofski,

2000). Most interactions between host and micro-organisms do

not result in disease and, instead, are essential to many aspects

of normal host physiology, contributing to metabolic activities
Cell H
and immune homeostasis (Backhed et al., 2005). Nonpatholog-

ical host-microbe interactions depend on intrinsic properties of

the microbe and the host’s ability to control its indigenous micro-

biota. Together, this forms a homeostatic relationship, which

when uncoupled, can result in pathological outcomes (Macdon-

ald and Monteleone, 2005). For a host to tolerate a certain

amount of resident bacteria, it is critical that the activation

threshold of the immune response is under tight control. More-

over, upon infection, the strength and timing of the immune re-

sponse must be adjusted so that the homeostatic host-microbe

interaction can be re-established (Artis, 2008). The immune re-

sponse of the gut is complex since it needs to respond strongly

to ingested pathogenic bacteria, while tolerating food antigens

and commensal microbiota (Macdonald and Monteleone,

2005). This ability of the gut is commonly referred to as immune

tolerance (Müller et al., 2005). Although commensalism exists in

all metazoans, the underlying molecular mechanism of immune

tolerance remains largely unknown.

Like vertebrates, Drosophila protects itself from bacterial and

fungal infections through physical barriers, local immune reac-

tions, and systemic responses (Lemaitre and Hoffmann, 2007).

Following exposure to infectious micro-organisms, the gut and

tracheal epithelia, which are both exposed to the external milieu

and microbiota, secrete antimicrobial peptides (AMPs) and reac-

tive oxygen species (ROS) (Ferrandon et al., 1998; Ha et al.,

2005a; Önfelt Tingvall et al., 2001; Tzou et al., 2000). In addition,

circulating and tissue-restricted phagocytic cells engulf foreign

intruders and thereby complement the response of the gut or

tracheal epithelia (Stuart and Ezekowitz, 2008). The fat body,

the functional equivalent of the mammalian liver, ultimately trig-

gers the systemic response producing large amounts of humoral

immune effectors that include AMPs (Ferrandon et al., 2007).

The Drosophila gut serves as a useful model system to study

both immune tolerance and local immune reactions to bacterial

infections. Ingested noncommensal bacteria trigger the produc-

tion of ROS and AMPs in the gut (Ha et al., 2005a; Liehl et al.,

2006; Nehme et al., 2007; Ryu et al., 2006). Commensal bacteria,

however, do not elicit such a response. Although little is known
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on how immune tolerance is established, recent evidence indi-

cates that both the immune-regulated catalase (IRC) and the

transcriptional repressor Caudal are indispensable. While IRC

buffers the redox status of the gut (Ha et al., 2005b), the homeo-

box protein Caudal suppresses NF-kB-mediated AMP expres-

sion in the posterior part of the midgut following exposure to

commensals (Ryu et al., 2008). Disruption of Caudal causes

severe defects in the mutualistic interaction between gut and

commensal bacteria.

Systemic infection by Gram-negative bacteria triggers ac-

tivation of the Drosophila immune deficiency (Imd)-signaling

pathway that culminates in activation of Relish, a member of

the Rel/NF-kB family of transcription factors. Relish, in turn,

activates a transcriptional program dedicated to kill infective

microbes (Ferrandon et al., 2007). Exposure to fungi and

Gram-positive bacteria, on the other hand, activate the Toll path-

way and the NF-kB family members Dorsal and Dif, which induce

expression of peptides that target fungi and Gram-positive

bacteria (Ferrandon et al., 2007).

The presence of commensal bacteria, like exposure to oral or

systemic Gram-negative bacterial infection, activates the Imd

pathway via DAP-type peptidoglycan (DAP-PGN), a major com-

ponent of the Gram-negative bacterial cell wall (Leulier et al.,

2003; Ryu et al., 2008; Zaidman-Rémy et al., 2006). DAP-PGN

binds to the transmembrane receptor peptidoglycan recognition

protein (PGRP)-LC, both in the gut and fat body. Upon binding,

PGRP-LC and PGRP-LE—another member of the PGRP

family—stimulate the recruitment of a signaling complex that

ultimately activates Relish (Choe et al., 2002; Gottar et al.,

2002; Takehana et al., 2004). Activation of Relish requires the co-

ordinated action of the Drosophila IKK complex (Kenny/Ird5),

which phosphorylates Relish, and the initiator caspase Dredd,

which removes its C-terminal inhibitory domain (Silverman

et al., 2000; Stöven et al., 2003). This enables translocation of

Relish to the nucleus and expression of several target genes

that include AMPs (De Gregorio et al., 2002).

Since spontaneous activation or prolonged immune response

is detrimental to the host (Bischoff et al., 2006; Kim et al., 2007;

Maillet et al., 2008; Ryu et al., 2008), it is vital that Imd signaling is

subject to negative regulation. A few negative regulators of Imd

signaling have been identified. PGRP-LF prevents constitutive

signaling of Imd and JNK pathways by antagonizing PGRP-LC

activation (Maillet et al., 2008), while Caspar and the defense re-

pressor 1 (Dnr1) block Dredd-mediated induction of Relish (Foley

and O’Farrell, 2004; Kim et al., 2006). SCFSlmb, an E3 ubiquitin-

ligase complex, suppresses Imd signaling by targeting Relish

for degradation (Khush et al., 2002). Moreover, a repressosome

complex—containing Dsp1, dAP-1, and STAT92E—removes

Relish from the promoters of immune effector genes and recruits

histone deacetylases to block transcription (Kim et al., 2007).

The immune modulators PGRP-SC1/2 and PGRP-LB, which

carry peptidoglycan amidase activity, antagonize Imd signaling

by reducing the amount of available DAP-PGN (Bischoff et al.,

2006; Zaidman-Rémy et al., 2006). Consequently, PGRP-SC1/2

and PGRP-LB modulate the intensity of the immune response.

Intriguingly, expression of PGRP-LB is under the control of the

Imd pathway, providing negative-feedback control to adjust

the immune response upon infection (Zaidman-Rémy et al.,

2006). In addition, PGRP-SC1/2 and PGRP-LB also play impor-
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tant roles in establishing immune tolerance (Bischoff et al., 2006;

Zaidman-Rémy et al., 2006).

While most positive regulators of the Imd pathway have been

identified by genome-wide RNAi and classical mutagenesis

screens, little is known how this pathway is negatively regulated

to allow immune tolerance and achieve balanced immune

responses. Here we report that a recently identified Drosophila

immune regulator (Kleino et al., 2008), which we call PGRP-

LC-interacting inhibitor of Imd signaling (PIMS), is required to

suppress Imd signaling in response to commensal bacteria

and following oral and systemic infection. We demonstrate that

pims expression is Imd dependent and that its basal expression

relies on the presence of commensal flora. In the absence of

PIMS, resident bacteria trigger strong local expression of antimi-

crobial peptide genes (AMPs), while ingested bacteria trigger

robust systemic expression of AMPs. Moreover, pims mutant

animals hyperactivate AMPs upon systemic infection with

Gram-negative bacteria. Furthermore, we show that PIMS inter-

acts with PGRP-LC and causes a profound change of its subcel-

lular localization leading to depletion of PGRP-LC from the

plasma membrane and shutdown of Imd-signaling in a nega-

tive-feedback loop. Together, our data are consistent with

a model whereby a balanced immune response is achieved by

PIMS-mediated regulation of PGRP-LC receptor availability.

RESULTS

Infection Induces pims Expression
in a Relish-Dependent Manner
Large-scale microarray analysis has identified genes that are

induced following exposure to Gram-negative bacteria in Dro-

sophila. Among others, CG15678 was identified as being strongly

induced in an Imd pathway-dependent manner (De Gregorio

et al., 2002; Kallio et al., 2005). Moreover, RNAi-mediated down-

regulation of CG15678 in tissue-culture cells leads to constitutive,

low-level expression of some transcriptional target genes of the

Imd pathway (De Gregorio et al., 2002; Kallio et al., 2005),

suggesting that CG15678 may function as a negative regulator

of Imd signaling. To gain insights into the physiological role of

CG15678, we first analyzed the kinetics of pims induction in differ-

ent models of microbial infection. Infection by septic injury re-

sulted in a marked (13-fold) induction of pims expression within

1 hr of exposure to the Gram-negative bacteria Escherichia coli

(E. coli) (Figure 1A). Importantly, pims induction was strictly Relish

dependent since RelishE20 mutant flies failed to activate pims ex-

pression. Relish-mediated induction of pims was also observed

after oral infection (Figure 1B). In this system, animals are naturally

infected via the digestive tract through exposure to food contam-

inated with the Gram-negative bacteria Erwinia carotovora caro-

tovora 15 (Ecc15) (Basset et al., 2000). Inspection of the putative

regulatory region of pims revealed the presence of four putative

kB DNA-binding sites within 1.2 kb of its transcriptional start

site (Figure 1C). The kB site at position�506 bp perfectly matches

the DNA-binding consensus motif of Relish (Busse et al., 2007).

Basal pims Expression in the Gut Requires Exposure
to Commensal Bacteria
The gut epithelia of conventionally reared Drosophila is in close

proximity with a large number of commensal bacteria (about
r Inc.
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106 in old flies) that are well tolerated and, under normal condi-

tion, do not elicit an innate immune response (Ren et al., 2007;

Ryu et al., 2008). To examine whether pims expression is influ-

enced by commensal bacteria, we compared conventionally

reared wild-type flies (CRWT) with RelishE20 mutant flies (CRRel)

and flies that were cultured under germ-free (GFWT) conditions

(see Figure S1 available online). In CRWT animals, pims expres-

sion was readily detected in adult guts (Figure 1D), while it was

essentially absent in other parts of the body (Chintapalli et al.,

2007). Adult midguts showed highest levels of pims expression

that were at least 10-fold above the levels of other tissues. More-

over, pims expression was also significantly elevated in the crop

and hindgut (Chintapalli et al., 2007). Gut-specific expression of

pims was Relish dependent since guts of CRRel animals showed

only background levels of pims (Figure 1D). Importantly, like

CRRel animals, guts from GFWT animals—which were reared un-

der axenic conditions—displayed similar low basal levels of pims

expression (Figure 1D). The observation that pims levels are low

in CRRel and GFWT animals in comparison to guts from CRWT an-

imals strongly suggests that pims expression in the gut is driven

by the exposure to commensal microbiota. Similarly, commen-

Figure 1. pims Expression Is Dependent on Relish and

Commensal Bacteria

(A and B) pims expression upon infection in whole flies. Quantita-

tive RT-qPCR analysis of pims induction in CantonS and RelishE20

flies upon E. coli septic injury (A) and Ecc15 oral infection (B) is

shown.

(C) Schematic representation of the pims locus.

(D and E) Relish-dependent expression of pims in the gut is driven

by resident and infectious bacteria. In (D), basal pims expression

in guts of conventionally reared CantonS (CRWT), RelishE20

(CRRel), Da-GAL4 > pims-IR (CRpims-IR), pimsEY00723/

Df(2R)ED3923 (CRpimsEY00723/Df(2R)ED3923), pimsEY00723

(CRpimsEY00723), germ-free CantonS (GFWT), and pimsEY00723

(GFpimsEY00723) flies is shown. In (E), pims expression in dissected

guts of CantonS and RelishE20 flies upon oral infection by Ecc15 is

shown.

(F) pims expression in CRWT, CRpims-IR, CRpimsEY00723,

CRpimsEY00723/Df(2R)ED3923, and GFWT flies. Relative pims expres-

sion in the indicated WT and mutant flies following Ecc15 septic

injury (G) and Ecc15 oral infection (H) is shown. rp49 was used

as the experimental expression standard. Graphs represent the

mean ± SD of relative pims/rp49 ratios detected in three biological

repetitions of a pool of 20 dissected guts (D–E) and flies (F).

sals also trigger gut-specific expression of PGRP-

SC1 and PGRP-LB, two previously characterized neg-

ative regulators of the Imd pathway (Ryu et al., 2008)

(N.B. and B.L., unpublished data). The observation

that PGRP-SC1, PGRP-LB, and pims, (but not AMP

genes) are expressed in guts harboring commensals

suggests that pims—like PGRP-SC1 and PGRP-

LB—functions as a negative regulator of Imd signaling.

Moreover, in response to oral infection by Ecc15, pims

expression in the gut increased even further and was

induced 24-fold above basal levels (Figure 1E), a fea-

ture also seen for PGRP-SC1 and PGRP-LB (N.B.

and B.L., unpublished data). Like in nonchallenged

conditions, RelishE20 mutant flies did not induce pims

expression following oral infection (Figure 1E). There-

fore, these results indicate that pims expression in the gut

requires the presence of intestinal bacteria.

Our data are consistent with a model in which pims partici-

pates in a negative-feedback loop that regulates the activity of

the Imd pathway. To test this, we characterized a mutant pims

allele (pimsEY00723) and used RNAi-mediated knockdown

in vivo (pims-IR). pimsEY00723 mutant flies carry a transposon-

inserted 62 bp upstream of the translational start site of pims

(Figure 1C). pimsEY00723 homozygous mutant animals are viable

and fertile but display a marked reduction of their life span (N.L.

and F.L., unpublished data). Gut-specific expression of pims

was completely abolished in conventionally reared homozygous

pimsEY00723 and hemizygous pimsEY00723/Df(2R)ED3923 mutants.

pims expression in the gut of these animals was similar to the

one of WT flies grown under axenic conditions (Figure 1D).

Moreover, daughterless GAL4-driven pims RNAi (pims-IR)

resulted in significant reduction of pims expression in the gut

(Figure 1D). Basal expression of pims in whole flies raised under

conventional conditions was markedly reduced in pims-IR,

pimsEY00723, and pimsEY00723/Df(2R)ED3923 mutants. Basal expres-

sion of pims was also similar to pims levels of GFWT flies
Cell Host & Microbe 4, 147–158, August 14, 2008 ª2008 Elsevier Inc. 149
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Figure 2. PIMS Prevents AMP Production in the

Presence of Commensal Microbiota

(A–C) Ectopic activation of Diptericin-LacZ (Dpt-LacZ) in

pims-IR adult guts. In (A), representative X-gal staining

of a Dpt-LacZ;Da-GAL4/+ gut (82%, n = 22) is shown.

The three main regions of the adult gut (cardia, midgut,

and hindgut) are shown. Constitutive LacZ activity of

the middle midgut is likely due to endogenous b-galacto-

sidase activity. X-gal staining of guts from (B) Dpt-LacZ;

Da-GAL4 > pims-IR flies (88%, n = 69) and (C)

Dpt-LacZ;Da-GAL4 > pims-IR,dFADD-IR flies (100%,

n = 24) is shown. Anterior is to the left, and posterior is

to the right.

(D–F) Ectopic activation of Dpt-LacZ in pims-IR adult

carcasses. X-gal staining of a (D) Dpt-LacZ; Da-GAL4/+

carcass (91%, n = 23), (E) Dpt-LacZ; Da-GAL4 > pims-

IR carcass (46%, n = 69), and a (F) Dpt-LacZ;

Da-GAL4 > pims-IR,dFADD-IR carcass (100%, n = 26)

is shown.

(G–I) Deregulation of Dpt expression in pims mutant. In

(G), quantitative RT-qPCR analysis of Dpt expression in

conventionally reared CantonS (CRWT), RelishE20 (CRRel),

pimsEY00723/Df(2R)ED3923 (CRpimsEY00723/Df(2R)ED3923),

pimsEY00723 (CRpimsEY00723), germ-free CantonS (GFWT),

and pimsEY00723 (GFpimsEY00723) flies (G), guts (H), and

carcasses (I) is shown. rp49 was used as the experimen-

tal expression standard. Graphs represent the mean ±

SD of relative Dipt/rp49 ratios detected in three biologi-

cal repetitions of a pool of 20 flies (G), dissected guts

(H), or carcasses (I).
(Figure 1F). Thus, in comparison to CRWT animals, pims levels

were significantly lower in CRpimsEY00723, CRpimsEY00723/Df(2R)ED3923,

and GFWT flies, suggesting that pimsEY00723 is a null mutation. Fur-

thermore, this observation is consistent with the notion that basal

pims expression is driven by exposure to commensal microbiota.

Homozygous and hemizygous pims mutants completely failed

to induce pims expression following exposure to Gram-negative

bacteria via septic injury or oral infection (Figures 1G, 1H, and

data not shown). Moreover, pims-IR flies and heterozygous

pimsEY00723/+ mutants also showed a significantly reduced

induction of pims (Figures 1G, 1H, and data not shown). There-

fore, these results indicate that pimsEY00723 behaves like a null

mutation following septic and oral infection, while pimsEY00723/+

and pims-IR generate hypomorphic effects.

PIMS Blocks AMPs Production in Response
to Commensal Microbiota
To investigate the role of pims in innate immunity, we analyzed

the basal expression levels of Diptericin (Dpt), an AMP gene con-

trolled by the Imd pathway. Dpt expression was evaluated using

a Dpt-LacZ reporter transgene, which accurately recapitulates

the expression pattern of endogenous Dpt expression (Meister

et al., 1994). In the majority of untreated WT flies (82%, n = 22),

b-galactosidase activity was restricted to two segments of the

middle midgut (Figure 2A), and no significant reporter gene ex-

pression was observed in other parts of the cardia, midgut,
150 Cell Host & Microbe 4, 147–158, August 14, 2008 ª2008 Elsevie
and hindgut. However, in rare cases (18%, n = 22), weak LacZ

staining was also observed in the anterior portion of the midgut

(data not shown). Interestingly, RNAi-mediated knockdown of

pims resulted in ectopic expression of Dpt-LacZ throughout

the anterior and posterior midgut as well as in the hindgut

(88%, n = 69) (Figure 2B)—a pattern that is highly similar to the

one seen in Ecc15-infected guts (N.B. and B.L., unpublished

data). Ectopic induction of Dpt-LacZ expression was dependent

on Imd signaling since it was lost in pims-IR flies that were simul-

taneously depleted of the adaptor protein dFADD, which is

essential for Imd signaling (Figure 2C) (Leulier et al., 2002).

Similarly, ectopic Dpt-LacZ expression was also observed

in the carcass of pims-IR flies. Under these conditions, 46%

(n = 69) of pims-IR flies displayed ectopic Dpt-LacZ activity in

the fat body, which is attached to the carcass (Figure 2E),

whereas 91% of WT flies (n = 23) showed no expression

(Figure 2D). Like in the gut, concomitant RNAi of pims and

dFADD abolished ectopic Dpt-LacZ expression (Figure 2F).

The notion that knockdown of dFADD suppresses the pims

RNAi phenotype indicates that pims functions genetically

upstream of dFADD.

Next, we examined the expression levels of endogenous Dpt in

pims mutant animals. Homozygous pimsEY00723 mutants showed

a 7-fold induction of basal Dpt expression when compared to WT

controls (Figure 2G). This phenotype was much more striking in

isolated guts of pimsEY00723 and pimsEY00723/Df(2R)ED3923 mutants,
r Inc.
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which had dramatically elevated levels of Dpt expression (20- to

30-fold induction, respectively). Similar results were obtained

from isolated carcasses (15- to 22-fold induction, respectively)

(Figures 2H and 2I).Althoughpimsmutantflieshaveelevatedbasal

levels of Dpt, this level merely represents 1% of the induced levels

that is achieved after 8 hr following a systemic bacterial infection.

The elevated basal levels of Dpt expression in pims mutants

were dependent on the presence of commensal microbiota,

since this phenotype was rescued when these flies were raised

under sterile conditions (Figures 2G–2I). While pims mutant flies

had high basal levels of Dpt expression, pimsEY00723 animals that

were raised under axenic conditions displayed low basal levels

of Dipt expression, which were comparable to the ones of

CRWT flies (Figures 2G–2I). Under these conditions, CRRel and

GFWT animals displayed extremely low basal levels of Dpt

expression in their guts and carcasses. The observation that

Dpt levels are low in CRRel and GFWT animals, when compared

to guts of CRWT flies, indicates that basal Dpt expression in the

gut is dependent on the presence of commensal microbiota.

In summary, our data indicate that commensal microbiota

trigger ectopic activation of Imd signaling in pims loss-of-func-

tion mutants. Therefore, PIMS seems to act as a safety mecha-

nism that protects the gut—and to a lesser extent—the fat

body, from constitutive commensal microbiota-mediated and

Imd-dependent activation of AMPs.

Loss of pims Results in Hyperactivation of the Imd
Response Following Systemic Bacterial Infection
To investigate the function of pims in controlling the immune

response following septic injury, we compared the Imd response

of WT flies to the one of pims mutants. We found that pims-

deficient individuals were not impaired in mounting an efficient

immune response (data not shown). Using Dpt expression to

measure the activity of the Imd pathway, we found that E. coli

or Ecc15-stimulated Dpt expression in pims mutant animals

was 2- to 3-fold above the levels of WT controls 2 hr, 8 hr, and

Figure 3. Loss of pims Results in Hyperactivation

of the Imd Response Following Systemic Infection

(A–C) Quantitative RT-qPCR analysis of Dpt induction after

Gram-negative bacteria septic injury. Dpt expression upon

E. coli septic injury of (A) CantonS, pimsEY00723/+ and

pimsEY00723/Df(2R)ED3923 flies, (B) Da-GAL4/+ and

Da-GAL4 > pims-IR flies, and (C) CantonS and pimsEY00723 flies

is shown.

(D–E) Quantitative RT-qPCR analysis of IM1 induction after M.

luteus septic injury. IM1 expression in (D) CantonS,

pimsEY00723/+ and pimsEY00723 flies, and (E) Da-GAL4/+ and

Da-GAL4 > pims-IR flies is shown. rp49 was used as the

experimental expression standard.

24 hr after a septic injury (Figures 3A and 3C). Inter-

estingly, 8 hr after infection, pims seemed to be

haploinsufficient since heterozygous mutant ani-

mals (pimsEY00723/+) also displayed elevated levels

of Dpt expression (Figure 3A). Similar results were

obtained using pims RNAi (Figure 3B). While the

Imd response was significantly enhanced in pims

mutants at 2 hr, 8 hr, and 24 hr, Dpt expression de-

creased at later time points and reached WT levels between

48 hr and 72 hr. This indicates that other negative regulators of

Imd signaling operate normally in these animals. Loss of pims

did not result in hyperactivation of the Toll pathway, as expres-

sion of IM1 in pims mutants or pims-IR flies (Figures 3C and

3D) was not above the levels of WT animals challenged

with the Gram-positive bacteria Micrococcus luteus. However,

we noticed a moderate reduction (but no increase) in homozy-

gous mutant animals. This indicates that PIMS selectively

regulates Imd signaling. As pims expression is fully Relish de-

pendent and acts to suppress Imd-mediated Dpt induction,

pims appears to function in a negative-feedback loop that

restricts Imd signaling.

pims Is Required to Limit the Immune Reaction
in Response to Ingested Bacteria
In Drosophila adults, ingestion of nonpathogenic Gram-negative

bacteria, such as E. coli and Ecc15, activates a strong local im-

mune response in the gut (Zaidman-Rémy et al., 2006). However,

these nonpathogenic bacteria do not trigger systemic activation

of the immune response in the adult fat body (Zaidman-Rémy

et al., 2006). This systemic immune tolerance to nonpathogenic

Gram-negative bacteria relies, at least in part, on activation of

the PGRP amidases PGRP-LB and PGRP-SC1/2 (Bischoff

et al., 2006; Zaidman-Rémy et al., 2006). Imd-mediated activation

of PGRP-LB and PGRP-SC results in the degradation of bacterial

peptidoglycans; hence, it reduces the levelsof the main elicitor re-

quired for the activation of a systemic immune reaction (Bischoff

et al., 2006; Mellroth et al., 2003; Zaidman-Rémy et al., 2006).

To test the contribution of pims in establishing systemic

immune tolerance to ingested Gram-negative bacteria, we fed

Ecc15-contaminated food to WT and pims mutant flies. While

WT flies did not mount an immune reaction, pims mutants and

pims-IR flies significantly induced Dpt expression (Figures 4A

and 4B), corresponding to about 10% of maximal levels of Dpt

observed upon systemic infection by septic injury. Homozygous
Cell Host & Microbe 4, 147–158, August 14, 2008 ª2008 Elsevier Inc. 151
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pims mutant animals had a 27-fold increase in Dpt expression

relative to WT controls. Interestingly, in this setting, pims was

also haploinsufficient since heterozygous mutant animals

(pimsEY00723/+) also displayed a 12.5-fold increase in Dpt ex-

pression (Figure 4A). Strikingly, this mimics the phenotype of

PGRP-LB RNAi flies (Figure 4B) (Zaidman-Rémy et al., 2006).

Of note, flies in which both pims and dFADD were depleted by

RNAi had no such induction of Dpt, reinforcing the notion that

pims functions genetically upstream of dFADD (Figure 4B).

Finally, flies with coRNAi of pims and PGRP-LB showed a pro-

longed systemic response but unaltered intensity (Figure 4B).

To validate the systemic nature of the antimicrobial response,

we analyzed Dpt expression in the fat body of WT and

pimsEY00723 mutant flies following ingestion of Ecc15. Strikingly,

pims mutant animals that were fed on Ecc15- contaminated food

had a dramatic increase in fat body-specific Dpt expression rel-

ative to WT controls (Figure 4C). We also analyzed expression of

the Dpt-LacZ reporter in the fat body of WT and pims-IR flies

orally infected with Ecc15. A 76.5% of WT flies (n = 17) failed

to show any marked Dpt-LacZ expression, while some (23.5%)

showed moderate, localized expression (Figure 4D). In contrast,

34% of pims-IR flies (n = 35) showed strong fat body-specific

Dpt-LacZ activity, which is never seen in WT flies, and resembles

levels observed upon septic injury (Figure 4E and data not

shown). A further 26% of pims mutants showed a similar patchy

staining pattern (Figure 4D), as seen in the 23.5% of WT flies

(data not shown). Taken together, these data indicate that loss

of pims function, like loss of PGRP-SC1/2 and PGRP-LB (Bis-

choff et al., 2006; Zaidman-Rémy et al., 2006), disrupts systemic

immune tolerance to ingested Ecc15 bacteria.

PIMS Physically Associates with PGRP-LCx and Causes
Its Depletion from the Plasma Membrane
To gain insight into the biochemical mechanism by which PIMS

negatively regulates the Imd pathway, we tested the ability of

Figure 4. PIMS Is Required to Limit the Immune Reaction

in Response to Ingested Bacteria

(A–C) Quantitative RT-qPCR analysis of Diptericin (Dpt) induction after

Ecc15 oral infection. Dpt expression is shown in CantonS, pimsEY00723/+

and pimsEY00723 flies (A) and CantonS and pimsEY00723 carcasses (B).

In (C), Dpt expression in Da-GAL4/+, Da-GAL4 > pims-IR, Da-GAL4 >

PGRP-LB-IR, Da-GAL4 > pims-IR,PGRP-LB-IR, and Da-GAL4 >

pims-IR,dFADD-IR flies is shown. rp49 was used as the experimental

expression standard.

(D and E) Activation of Dpt-LacZ in pims-IR carcasses upon Ecc15 oral

infection. In (C), representative X-gal staining of a Dpt-LacZ; Da-GAL4/+

carcass (23.5%, n = 17) and a (D) Dpt-LacZ; Da-GAL4 > pims-IR

carcass (34%, n = 35) 40 hr following Ecc15 oral infection is shown.

PIMS to bind to components of the Imd pathway. Inter-

estingly, PIMS readily copurified PGRP-LCx from S2 cel-

lular extracts (Figure 5A). However, under the same con-

ditions, it did not interact with DIAP2, dFADD, and Dredd

(data not shown). Reciprocal coimmunoprecipitation

assays confirmed the interaction between PIMS and

PGRP-LCx (Figure 5B). PIMS also interacted with

a PGRP-LCx mutant that carries a point mutation in the

RHIM (RIP homotypic interaction motif) domain required

for activation of the Imd pathway (Kaneko et al., 2006) (data

not shown). In addition to binding to PGRP-LCx, PIMS also

bound to Imd, albeit significantly weaker (Figure 5C). The notion

that PIMS associates, either directly or indirectly, with Imd is also

supported by the observation that PIMS was independently

identified in parallel experiments in which we performed large-

scale affinity purification of Imd-associated protein complexes

followed by mass-spectrometric analysis (data not shown).

However, given the relatively weak association between Imd

and PIMS, we anticipate that this interaction is indirect and

most likely mediated by PGRP-LCx. Under the same conditions,

PIMS failed to bind Wengen, a Drosophila member of the tumour

necrosis factor receptor superfamily (Kanda et al., 2002)

(Figure 5D). This indicates that PIMS specifically interacts with

PGRP-LCx and is not a general receptor-interacting protein.

We noticed in our binding studies that coexpression of PIMS

and PGRP-LCx resulted in depletion of PGRP-LCx protein

levels. Consistently, expression of increasing amounts of PIMS

resulted in the complete loss of PGRP-LCx (Figure 5E), while

Wengen was not affected (data not shown). Under the same con-

ditions, coexpression of Imd had no effect on the levels of PGRP-

LCx (data not shown). Although we did not identify an obvious

mammalian ortholog of PIMS, PIMS-mediated depletion of

PGRP-LCx was also fully functional in mammalian HEK293T

cells (Figure S2A). The observation that PIMS can deplete

PGRP-LCx in insect and mammalian cells suggests that the ma-

chinery necessary for the removal of PGRP-LCx is evolutionarily

conserved. Notably, PIMS harbors no recognizable domain that

would be conserved at the level of primary amino acid sequence

(data not shown).

Next, we tested whether PGRP-LCx depletion is due to degra-

dation. However, treatment with proteasome or lysosome inhib-

itors did not affect PIMS-mediated reduction of PGRP-LCx (data

not shown). Instead, coexpression of PIMS targeted PGRP-LCx

to the Triton X-100-insoluble cell fraction (Figure 5F), which is
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Figure 5. PIMS Interacts with PGRP-LCx

(A) Affinity purification of DIAP2-GST or PIMS-GST with V5-PGRP-LCx. Note that the PGRP-LCx-detected signals are reduced in the presence of PIMS.

(B) V5-PGRP-LCx was used to coimmunoprecipitate PIMS-GST from cellular extracts.

(C and D) Coaffinity purification of GST-PIMS with Imd-HA (C) or Wengen-V5 (D).

(E) PGRP-LCx protein levels are decreased by coexpression with increasing amounts of PIMS-HA.

(F) Coexpression of PIMS and PGRP-LCx leads to its accumulation in the Triton X-insoluble fraction. Lysate denotes Triton X-soluble fraction (lanes 1–6), whereas

Pellet refers to Triton X-insoluble fraction (lanes 7–12). Tubulin was used as loading control.
consistent with PIMS changing the subcellular localization and

surface availability of PGRP-LCx. Accordingly, coexpression of

PIMS increased the amount of PGRP-LCx in the Triton X-100-

insoluble fraction, while PGRP-LCx decreased in the deter-

gent-soluble fraction.

Our above results indicate that PIMS acts as a negative regu-

lator of PGRP-LCx. Given that pims loss-of-function mutants

displayed enhanced induction of Imd signaling, we reasoned

that ectopic expression of pims in S2 cells would block signaling

through the Imd pathway. Consistently, expression of PIMS sig-

nificantly reduced induction of Drosocin, another antimicrobial

target gene of the Imd-signaling cascade, upon treatment with

DAP-PGN or expression of PGRP-LCx (Figure 6A). In contrast,

PIMS expression did not change Drosocin induction triggered

by expression of a constitutively active form of Relish (data not

shown). Coexpression of PIMS with PGRP-LCx also led to a

significant reduction of PGRP-LCx protein levels (Figure 6A,

lower panel). These results are consistent with the view that

PIMS suppresses Imd signaling by downregulating PGRP-LCx

levels.

Next, we examined the effects of PIMS on PGRP-LCx by con-

focal microscopy immunofluorescence. To this end, we used S2

cells and mammalian U2OS cells due to their ‘‘spreadout’’ mor-

phology (Figures 6 and S2). As expected, PGRP-LCx, which is

a transmembrane receptor in flies, was present in the plasma

membrane, and to some extent, throughout the cytoplasm (Fig-
Cell Ho
ures 6B and S2B). PIMS, on the other hand, appeared to be pre-

dominantly cytoplasmic (Figures 6C and S2C) and located partly

in speckles. Importantly, coexpression of PIMS and PGRP-LCx

caused a dramatic change in the subcellular localization of

PGRP-LCx (Figures 6D and S2D). In the presence of PIMS,

PGRP-LCx was no longer membrane localized and instead,

was found in perinuclear structures, where it partially colocalized

with PIMS. These results are consistent with the observed

accumulation of PGRP-LCx in the Triton X-100-insoluble fraction

and suggest that PIMS either triggers the internalization of

PGRP-LCx or, alternatively, prevents PGRP-LCx from reaching

the plasma membrane.

DISCUSSION

Drosophila innate immune responses rely on Toll and Imd signal-

ing that activate transcriptional programs dedicated to kill infect-

ing microbes (Ferrandon et al., 2007). In addition, such programs

also induce modulators that through negative feedback regulate

their temporal outputs to achieve balanced immune responses

upon infection. Tight regulation is vital since misbalanced and

prolonged responses are detrimental to the host (Bischoff

et al., 2006; Ha et al., 2005a; Kim et al., 2007). Importantly,

such immune modulators are also crucial during normal condi-

tions, when the host is not exposed to invasive microbes. Under

such conditions, inhibitors help to set up a buffered threshold
st & Microbe 4, 147–158, August 14, 2008 ª2008 Elsevier Inc. 153
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Figure 6. PIMS Inhibits Imd Signaling and Changes the Subcellular Localization of PGRP-LCx

(A) PIMS inhibits AMPs expression in S2 cells and downregulates PGRP-LCx protein. Time course of Drosocin expression in S2 cells transfected with vector

control (black bars), PIMS (white bars), PGRP-LCx (dark gray bars), or PGRP-LCx and PIMS (light gray bars) is shown. The relative expression ratios of Droso-

cin/rp49 are shown. Maximal Drosocin expression (2 hr) was set as 100%. Results are the average ± SD of the relative expression ratios of Drosocin/rp49 from at
154 Cell Host & Microbe 4, 147–158, August 14, 2008 ª2008 Elsevier Inc.
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required for immune tolerance and commensal host-microbe re-

lationships (Maillet et al., 2008; Ryu et al., 2008; Zaidman-Rémy

et al., 2006). Here, we demonstrate that PIMS is required to es-

tablish immune tolerance to commensal bacteria and to maintain

a balanced Imd response following exposure to local bacterial

infections. Consistent with a recent report (Kleino et al., 2008),

we propose that PIMS/PIRK functions as a negative regulator

of Imd signaling.

Several lines of evidence support the notion that PIMS func-

tions as an immune modulator. First, disruption of pims causes

loss of immune tolerance to nonpathogenic bacteria. Even in

the absence of infection, pims mutant animals display expres-

sion of AMP genes in the gut, and to some extent in fat body

cells, which is due to the presence of commensal bacteria in

conventionally reared animals. Moreover, upon ingestion of

nonpathogenic bacteria, which normally do not elicit a strong

systemic immune response, individuals with depleted levels of

pims significantly activate the Imd pathway in the fat body.

Second, like the immune modulators PGRP-LB and PGRP-

SC1, expression of pims is Relish dependent. Third, overexpres-

sion of PIMS suppresses AMP induction, while loss of pims

results in their ectopic expression or hyperactivation, which is

consistent with the notion that PIMS negatively regulates Imd-

dependent immune responses. Fourth, PIMS interacts with

PGRP-LC, the activating receptor of the Imd cascade, and likely

downregulates PGRP-LC levels at the cell membrane. Finally,

pims mutants phenocopy the systemic effects of the loss of

PGRP-LB and PGRP-SC1/2 following ingestion of nonpatho-

genic bacteria.

The observation that conventionally reared animals express

pims in the gut, whereas germ-free animals do not, indicates

that pims expression is induced by the presence of commensal

microbiota. Thus, under normal conditions, low levels of PIMS in

the gut prevents local antimicrobial responses to indigenous

bacteria. In addition, PIMS prevents a systemic immune reaction

in response to commensals. This notion is suggested by the ob-

servation that ectopic, fat body-specific expression of Dpt is

abolished when pims mutant flies are reared under germ-free

conditions. The relatively weak ectopic AMP expression of con-

ventionally reared pims mutant flies may simply be due to the low

levels of available peptidoglycans. Accordingly, higher levels of

peptidoglycans, either by oral infection with nonpathogenic

Ecc15 or systemic bacterial infection, result in a dramatic activa-

tion of fat body-specific AMP expression. Taken together,

our data are consistent with the view that PIMS contributes

to the threshold of the Imd immune response, thereby establish-

ing immune tolerance and development of host-commensal

interactions.

PIMS also seems to be required for modulating the signal

strength of the Imd pathway following infection. Consistently,

pims is strongly induced in animals that face bacterial challenge.

The intense and acute induction of pims suggests that high levels

of PIMS are necessary to modulate Imd-mediated responses to
Cell Ho
infection. Consistently, we find that pims is haploinsufficient in

suppressing responses to local or systemic bacterial challenge.

Like PIMS, PGRP-LB and PGRP-SC1/2 are similarly required

to establish the threshold for the Imd immune response (Bischoff

et al., 2006; Zaidman-Rémy et al., 2006). Since these PGRPs

cleave DAP-PGN, they provide immune tolerance by degrading

bacterial elicitors. Moreover, they also modulate the intensity of

the immune response following bacterial infection and act as de-

toxifying enzymes (Bischoff et al., 2006; Zaidman-Rémy et al.,

2006). Similar to pims, induced expression of PGRP-LB and

PGRP-SC1 are also under the control of Relish. Therefore,

PGRP-LB, PGRP-SC1, and PIMS function in a negative-feed-

back response that enables immune modulation according to

the severity of infection (Figure 7). In addition, PGRP-LF, SCFSlmb,

and Caspar also negatively regulate Imd signaling. However, they

seem to impinge on the pathway differently since mutation of

PGRP-LF, SCFSlmb, and Caspar result in phenotypes that are dis-

tinct from those of pims, PGRP-LB, and PGRP-SC1/2 mutant

flies. Although, PGRP-LF, SCFSlmb, and Caspar mutants also

show an increase in the basal activities of Imd signaling, their sys-

temic response to micro-organisms is not significantly enhanced

(Khush et al., 2002; Kim et al., 2006; Maillet et al., 2008).

Recent studies indicate that healthy flies harbor significant

amounts of commensal bacteria (Cox and Gilmore, 2007; Ren

et al., 2007; Ryu et al., 2008). However, little is known how the

host tolerates them while mounting a full response to others.

Our observations are consistent with a model in which pims

acts as an immune modulator that, together with PGRP-LB

and PGRP-SC1/2, establishes a buffered threshold for the acti-

vation of Imd-dependent AMP production. Such a threshold

allows immune tolerance and the development of commensal

host-bacteria interactions. Since pims expression is dependent

on Relish, our data suggest that the Imd signal transduction

pathway regulates its own inhibition through a negative-feed-

back mechanism that involves PIMS, PGRP-LB, and PGRP-

SC1 (Figure 7). While PGRP-LB and PGRP-SC1 degrade the

elicitor DAP-PGN, PIMS binds to PGRP-LCx, leading to its mis-

localization. The concerted action of these immune modulators

results in a self-regulating, buffered ‘‘oscillating cycle’’ of Imd-

pathway activity. This would ensure low responsiveness to

DAP-PGN of commensal bacteria. Given the conserved role of

peptidoglycans as elicitors of immune responses (Chaput and

Boneca, 2007) and in the establishment of beneficial reciprocal

host-microbe interactions (Koropatnick et al., 2004; Ryu et al.,

2008), this model may provide a blueprint for host-microbe inter-

actions that is likely to be conserved in other metazoans, includ-

ing vertebrates.

EXPERIMENTAL PROCEDURES

Fly Stocks

CantonS and flies with one copy of Daugtherless-GAL4 (da-GAL4) were used

as WT controls as appropriate. RelishE20, Dpt-LacZ, and da-GAL4 fly strains
least three independent experiments. The expression levels were assessed by immunoblot analysis with the indicated antibodies. An asterisk denotes a nonspe-

cific band. The graph represents the mean ± SD of Drosocin/rp49 ratios from three independent experiments.

(B–D) Analysis of the subcellular localization of PGRP-LCx and PIMS in S2 cells. DAPI (blue, B00 0 and C00 0) was used as DNA label, and phalloidin (magenta, B00 0 and

C00 0) was used as a marker for the actin cortex underneath the plasma membrane. Note the membrane localization of PGRP-LCx (red, B00 0 and C00 0 ), while PIMS is

predominantly cytoplasmic (green, C00 0 and D00 00). Coexpression of PIMS and PGRP-LCx (D–D00 00) alters the subcellular localization of PGRP-LCx.
st & Microbe 4, 147–158, August 14, 2008 ª2008 Elsevier Inc. 155
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Figure 7. Model for the Regulation of Immune Reactions in Response to Commensal and Infectious Bacteria in Drosophila
pims functions as immune modulator, which together with PGRP-LB and PGRP-SC1, establishes a buffered threshold for Imd-dependent AMP production. Rel-

ish activates PIMS, PGRP-LB, and PGRP-SC1, which, in a negative-feedback loop, regulates Imd-signaling by relocating PGRP-LCx and degrading DAP-PGN,

respectively. This results in a self-regulating state ensuring low responsiveness to DAP-PGN from commensal bacteria and allowing balanced immune responses

following infections.
were described previously (Leulier et al., 2002). Df(2R)ED3923, pimsEY00723,

UAS-pims-IR, UAS-PGRP-LB-IR, and UAS-dFADD-IR were obtained from

the Bloomington Drosophila Stock Center, the Vienna Drosophila RNAi, or

the National Institute of Genetics Stock Centers. Axenic Cantons and

pimsEY00723 stocks were generated by bleaching and cultivating embryos on

autoclaved polenta-agar medium. Emerging flies were maintained on auto-

claved standard medium. The presence of bacteria in fly homogenates was

tested by PCR to detect 16S rRNA gene using eubacterial primers and by cul-

turing the homogenates on Brain-Heart Infusion agar plates (Figure S1).

Crosses were performed at 23�C apart from those with UAS-RNAi lines, which

were started at 23�C until the L3 stage, and then transferred to 29�C.

Bacterial Strains and Infection Experiments

Septic injuries were performed by pricking adult males with a thin needle con-

taminated with M. luteus or E. coli. Adult oral infections were performed using

female flies. Animals were previously starved for 2 hr at 29�C. Flies were fed on

a 1.25% sucrose solution contaminated with concentrated E. carotovora

carotovora 15 (final optical density �100) and incubated at 29�C.

Quantitative Real-Time PCR

Quantitative real-time PCR, TaqMan, and SYBR Green analysis were per-

formed as previously described (Leulier et al., 2003). Primer information can

be obtained upon request. The amount of mRNA detected was normalized

to control rp49 mRNA values. Normalized data was used to quantify the

relative levels of a given mRNA according to cycling threshold analysis

(DCt). For Figures 3 and 4, the DCtDpt or IM1/DCtrp49 ratios are indicated to allow

comparison of the actual expression levels. For Figures 1 and 2, the relative

DCtDpt or pims/DCtrp49 ratios of WT controls were set as 1, and the fold differ-

ences were indicated. For Figures 1A, 1B, 1G, 1H, 3, and 4, a pool of 20 flies

were examined. One representative experiment is presented out of a minimum

of three independent repeats. For Figures 1D, 1F, and 2G–I, graphs represent

the mean and SD of relative ratios detected in three biological repetition of

a pool of 20 flies, guts, and carcasses. For Figure 6A, the graph represents

the mean and SD of Drosocin/rp49 ratios from three independent experiments.

b-Galactosidase Staining

b-galactosidase staining was performed as previously described (Basset et al.,

2000). Briefly, adult guts and carcasses were dissected in PBS, fixed for 5 min
156 Cell Host & Microbe 4, 147–158, August 14, 2008 ª2008 Elsevie
in 0.5% glutaraldehyde on ice, washed in PBS, and incubated at 37�C in b-gal

staining buffer for 3 hr (gut) or 16 hr (carcass).

Generation of Constructs and Antibodies

cDNA encoding the indicated proteins were cloned by PCR into pMTIZ-GST,

pMT (Invitrogen), orpcDNA3.Constructs wereverified by DNA sequencing. Point

mutants were generated by site-directed mutagenesis (Stratagene), according

to the manufacturer’s instructions. a-V5 (Serotec), a-GST (GE Healthcare), a-

actin (Santa Cruz Biotechnology), a-HA (Roche Diagnostics), a-FLAG (SIGMA),

a-tubulin (SIGMA), Alexa633-conjugated a-phalloidin (Invitrogen), a-Myc (Santa

Cruz Biotechnology), and Alexa488- and Alexa555-conjugated secondary

antibodies (Alexa) were used according to the manufacturer’s instructions.

Tissue Culture and Induction of Imd Response

Cells were cultured as described previously (Leulier et al., 2006) and trans-

fected with either calcium phosphate (BD Biosciences), Effectene (QIAGEN),

or FuGENE 6 (Roche Diagnostics). For induction of Imd signaling in S2 cells,

cells were treated with 10 mg/ml of commercially available LPS (SIGMA) for

the indicated time intervals. Please note that commercially available LPS

contains PGN, which induces expression of AMPs (Leulier et al., 2003).

Immunoprecipitation and Immunoblot Analysis

Immunoprecipitation assays were performed as described previously (Leulier

et al., 2006). Glutathione-sepharose 4B beads (Amersham Biosciences),

monoclonal a-HA-coupled agarose beads (HA-7 clone, SIGMA), and a-V5-

coupled agarose gel (V5-10 clone, SIGMA) were used to purify tagged pro-

teins. Samples were separated by SDS-PAGE and examined by immunoblot

analysis using either chemiluminescence (Amersham Biosciences) or Odyssey

Technology (LI-COR Biosciences).

Confocal Microscopy and Image Acquisition

Confocal microscopy was performed as previously described (Tenev et al.,

2002). All pictures were processed using Adobe Photoshop CS2 software.

SUPPLEMENTAL DATA

Supplemental Data include two figures and can be found online at http://www.

cellhostandmicrobe.com/cgi/content/full/4/2/147/DC1/.
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