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Introduction

Drosophila melanogaster relies solely on innate immunity for 
defense against pathogen infection.1-3 The humoral immunity 
response of Drosophila is stimulated by the signals from the two 
evolutionarily conserved signal transduction pathways, TOLL 
and immune deficiency (IMD), which are differentially activated 
in response to distinct classes of pathogens.1 The TOLL path-
way, which responds to either fungi or Gram-positive bacteria, 
is activated upon pattern recognition by extracellular signal-
ing components that act upstream of TOLL such as PGRP-SA 
(Semmelweis), Gram-negative binding protein 1 (GNBP1), 
PGRP-SD, a serine protease (Persephone) and a serine protease 
inhibitor (Serpin).4-9 Through a mechanism that is yet to be fully 
understood, multiple serine proteases are activated post pattern 
recognition and multiple protease-dependent recognition cas-
cades function upstream of TOLL and converge at the step of 
proteolytic cleavage of the TOLL ligand, Spätzle (Spz).10-13 The 
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cleaved Spz then binds to TOLL and activates the downstream 
NFkB signaling pathway.14,15 Thus, the mechanism of TOLL 
activation sets a precedent for a protease-dependent activation 
mechanism of innate immunity in Drosophila.

Gram-negative bacterial infection, on the other hand, acti-
vates the Drosophila IMD pathway, leading to the production 
of AMPs like Diptericin and other immunity factors, which then 
neutralizes the invading pathogens (reviewed in ref. 1). Activation 
of the IMD pathway requires the type II transmembrane recep-
tor PGRP-LC and its co-receptors.16-19 The PGRP-LC gene has 
three isoforms with identical intracellular and transmembrane 
domains but diverse extracellular PGRP domains (PGRP-LCa, 
-LCx and -LCy).16-18,20 It has been reported that PGRP-LC rec-
ognizes Gram-negative bacteria through binding of unique 
microbial pattern recognition molecules such as diaminopimelic 
acid peptidoglycan (DAP-PGN) with its ectodomain PGRP.21-23 
The exact mechanism of PGRP-LC activation is not yet clear, 
although the injection of PAMPs such as Gram-negative PGN is 
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known to activate the IMD pathway in vivo21-23; and the binding 
of DAP-PGN to PGRP-LC and dimerization of PGRP-LC are 
known to activate the IMD pathway in S2 cells.22-25 However, 
the questions of how these common PAMPs such as DAP-PGN 
are generated and whether these immune agonists are present in 
cell wall metabolites of commensal bacteria that live in the host 
animals remain to be determined. With limited innate immunity 
receptor diversity, how the pattern recognition receptors such as 
PGRPs recognize specific pathogens amidst millions of commen-
sal microbes, and elicit an appropriate immune response is an 
intriguing question. The gap in our understanding of how innate 
immune system is activated in response to pathogen infection, 
tissue injury and inflammation suggest that our current model 
of PAMP recognition may admit expansion. To begin to address 
this question, we first ask whether an infection/injury-induced 
protease release plays a role in the activation of PGRP-LC similar 
to Spz/TOLL activation.

Activation of protease cascades commonly occurs in host 
defense, inflammation, tissue injury and wound repair in ver-
tebrates and invertebrates.26-40 To ask whether protease release 
during host-pathogen antagonism may provide one of addi-
tional “danger” cues and signals for activating host immunity 
and for host cells to discriminate pathogens vs. nonpathogens,41 
we examined whether proteases could activate the IMD pathway 
and whether live Gram-negative bacterial infection could modu-
late the receptor structural integrity of PGRP-LC. Here we report 
that the Drosophila IMD pathway can be activated by elastase 
and Mmp2 in vivo. We show that elastase, which induces IMD 
but not TOLL activation in flies, does cleave PGRP-LC in vitro. 
Moreover, cleavage intermediates of PGRP-LC can be detected 
in cultured Drosophila cells upon live Salmonella/E. coli infec-
tion whereas no cleavage of PGRP-LC occurs following chal-
lenge by 10-fold more dead or protease-deficient bacteria. Thus, 
we hypothesize that PGRP-LC may not only recognize exoge-
nous microbial molecular patterns such as DAP-PGN through 
its extracellular PGRP domain, but also activate the IMD path-
way in response to infection/injury-induced receptor cleavage/
proteolysis during pathogen-host antagonism and tissue dam-
age through the modulation of PGRP-LC structural integrity. 
Whether such a protease-cleavage dependent PGRP-LC activa-
tion mechanism is operating in response to Gram-negative bacte-
rial infection in vivo remains to be further defined in Drosophila.

Materials and Methods

Reagents. Ultrapure heparan sulfate (HS), hyaluronic acid (HA), 
chondroitin sulfate B (CS), and endotoxin removal resin (END-X 
B15) were purchased from Seikagaku (Falmouth, MA). Purified 
neutrophil elastase (24 U/ml) was purchased from Calbiochem 
(La Jolla, CA). All materials listed above were certified endo-
toxin-free or were treated with endotoxin removal resin and 
tested to be endotoxin-free by Limulus amebocyte lysate assay 
gel clot method (Seikagaku).42 Lipopolysaccharide (LPS) derived 
from Escherichia coli was purchased from Sigma-Aldrich (St. 
Louis, MO). Glutathione sepharose 4B beads, anti-FLAG-M5 

and anti-Actin antibodies were purchased from Sigma-Aldrich 
and were used at 1:2000 dilutions for western blot analysis.

Administration of proteases and endogenous substances. 
Drosophila wild-type flies (Oregon-R, OR) were maintained on 
standard cornmeal agar medium at 25°C. Genetic crosses were 
performed according to standard procedures. Investigators have 
for decades injected flies with test substances like PGN and LPS 
as there is no better way to deliver them in this “water-repellent” 
insect model system. The common practice of using an entomol-
ogy needle to inject/puncture Drosophila with microorganisms/
immune agonists for infection or agonist delivery actually elicits 
two distinct biological responses, i.e., tissue injury and pathogen 
infection. To avoid tissue injury, we chose to gently coat flies with 
protease/saccharides. This unconventional method was used due 
to the following considerations: (1) To avoid physical damage 
to the animals in our delivery method, we favor non-invasive 
methods of gentle coating or the UAS-GAL4 expression system. 
(2) For our experimental design, we strenuously tried to avoid 
mechanically inducing tissue damage. We used a gentle way of 
shaking and coating flies using the method as described below. 
Triplicate groups of young adult flies (33 females and 33 males) 
were treated with 1X PBS control, or 1X PBS containing elastase 
(3 Unit/ml), LPS (40 mg/ml), HS (5 mg/ml), HA (20 mg/ml) 
or CS (20 mg/ml) for 12 h. Large fly vials (50 ml volume) were 
coated with 200 ml of the sterile solutions listed above. The solu-
tion was shaken into tiny droplets (size: ~1/20 of volume of a fly) 
that coated the inner surface of the vials. There is no chance that 
flies could drown in such a small amount of fluids. Anesthetized 
flies were added to the vials and gently rolled round for 20–30 sec 
in these small droplets of solutions to coat their bodies with the 
elastase and saccharide solutions. Flies recovered from the gentle 
coating technique immediately and shook off the majority of the 
coated solution excepting a small amount entrapped between the 
wing and body. After 20–30 min, all the solution evaporated and 
flies resumed their normal behaviors in the vials. The treated 
flies were then incubated in an Environmental Chamber with 
humidity (60%) and temperature (25°C) control overnight. (3) 
In addition to use this method of coating flies with proteases, we 
also examine whether expression of Drosophila matrix metallo-
proteinases (MMPs) in the fat body induces IMD activation by 
using conventional the GAL4-UAS gene delivery system.

Histology and immunohistochemistry. Immunohistochem- 
ical staining was performed on formalin/DMSO-fixed and 
paraffin-embedded whole-mount Drosophila adults. Our fixa-
tion and embedding protocol was modified based on the stan-
dard histology protocols commonly used for processing human 
tumor tissues. Five micrometer-cut sections were deparaffinized, 
rehydrated in graded ethanol and stained with Hematoxylin and 
Eosin (H&E) and Gram-staining as described.43

Mmp transgenic flies. Transgenic lines were generated carry-
ing one of the two splicing forms (F1 or F2) of Mmp1 mutants 
that were predicted to be constitutively active forms of Mmp1 
(UAS-Mmp1.F1C93A and UAS-Mmp1.F2C93A). The mutation 
C93A was engineered to be a constitutively active form of Mmp1. 
Cys93 of the pro-domain coordinates with the zinc atom at the 
active site; its substitution with Ala is expected to cause the 
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pro-domain to be unable to inhibit the active site, eliminating the 
zymogen form of the enzyme and causing it to become consti-
tutively active. UAS-Mmp1.F1, UAS-Mmp1.F2 and UAS-Mmp2 
were previously reported in Page-McCaw et al.63 Two indepen-
dent lines of each UAS-Mmp transgene inserted on either chro-
mosome II or III were tested in this study. MMP was expressed in 
the female fat bodies using the fat body-specific driver, YP1.44,45 
YP-1-Gal4-UAS-Mmp2 females are semi-lethal, infertile with 
significantly shortened life span, and genetic cross was set up en 
masse in order to obtain enough female offspring for northern 
blot analysis. Cg-GAL4 directs transcription of UAS-transgene 
in larval fat body, anterior lobe of the lymph gland and circulat-
ing hemocytes.46 Cg-GAL4-UAS-MMP animals were embryonic 
lethal while Cg-GAL4-UAS-Mmp1C93A animals were larval lethal 
and exhibited fat-body histolysis phenotypes.

RNA extraction and northern blot. RNA extraction was per-
formed as described.47 Activation of the innate immune response 
was assayed by determining the expression of Drosomycin, 
Diptericin, Cecropin A, Defensin and Attacin mRNA using total 
RNA extracted from mock-treated flies or flies treated with either 
E. coli, protease, LPS, HS, CS or HA. Ribosomal protein rp49 
mRNA was used as an internal control to monitor RNA loading.

Bacterial infection in S2 cells. The FLAG-tagged PGRP-
LCa/x open-reading frames (ORFs) were cloned into the pMT-
V5-His vector and transfected into S2 cells using Cellfectin 
(Invitrogen, San Diego, CA). Stable cell lines expressing 
PGRP-LC were cloned and the receptor expression was verified 
by western blot analysis. The PGRP-LC expression was induced 
by Cu2+ overnight, and then cells were washed three times using 
serum-free S2 cell medium. E. coli [XL1-Blue and BL21(DE3) 
(Stratagene)], Salmonella Typhimurium and Staphylococcus car-
nosus were grown in liquid media, and electro-competent bacte-
rial stocks were prepared. Concentrated E. coli, Salmonella and 
Staph were fixed in 4% paraformaldehyde or 50–75%–100% 
EM grade ethanol overnight at 4°C. The fixed bacteria were 
washed six times in sterile PBS and tested for complete steril-
ity on LB plates overnight at 37°C before adding to S2 cells for 
the subsequent infection experiments. To ensure that absolutely 
equal amounts of live and dead bacteria were added under the 
same experimental conditions, we normalized the amount of 
bacteria by bacterial mass (pellet size) after centrifugation and 
followed by the precise serial dilution to add exact and known 
amounts of bacteria into S2 cells in the well-defined infection 
ratios. Since we cannot quantify the amount of dead bacteria by 
performing colony formation assays, we used the dilution series 
starting from the absolute bacterial mass to quantify both the live 
and dead bacteria using the same dilution method. The absolute 
bacterial mass/pellet size gives us an accurate way to calculate the 
amount of live bacteria being added to the S2 cells. The absolute 
amount of live bacteria added was counted, confirmed and veri-
fied on LB plates. The concentration of our electrocompetent E. 
coli stock is 6 × 1010/ml and that of the Salmonella stock is 5 × 
1010/ml. To ensure that each experiment has the same bacteria 
to S2 cell infection ratio, the volume of bacterial stock added to 
each 6-well plate of S2 cells corresponded to pre-set increments 
between 10,000 and 100 million bacteria. S2 cells were seeded 

at a uniform density of 2 million cells per 6-well plate, result-
ing in infection ratios of 50:1; 20:1, 10:1, 5:1, 2:1, 1:1, 1:10, 
1:100 and 1:200 as shown in Figures 3 and 4. We avoided adding 
the freshly grown bacterial culture into the S2 cells since the LB 
medium contains yeast extract that has many potential immune 
agonists. We prepared electrocompetent bacterial cells so that the 
bacterial cells were washed excessively with a large amount of 
sterile water to rid them of as much impurity/bacterial metabo-
lites/yeast contaminants as possible before adding them to infect 
S2 cells expressing PGRP-LC. Finally, we used 10–50 times more 
dead bacteria than live ones into the S2 cell culture to unambigu-
ously demonstrate that dead bacteria did not induce any cleavage 
of PGRP-LC while live Gram-negative bacteria readily induced 
the receptor cleavage at the surface of the S2 cells. Thus, the stable 
S2 cell lines expressing the receptor PGRP-LC were treated with 
similarly washed wild type and protease-deficient E. coli, live and 
dead Salmonella, E. coli or Staph. Finally, the S2 cell medium 
contains potent antibiotics (Penicillin-Streptomycin) that should 
be sufficient to suppress significant live bacterial growth in the 
duration of our experiments (12–16 h). Post infection, the stable 
S2 cells expressing PGRP-LC were collected, lysed in 1X Beach 
buffer containing 1X Roche complete protease inhibitors. The 
PGRP-LC expression level was analyzed by western blot using 
the anti-FLAG-M5 antibody. The Actin expression was used as 
an internal loading control in the cell lysates.

Affinity purification of GST-PGRP-LCa/GST-PGRP-
ECa fusion proteins and biochemical cleavage of PGRP-LC/
PGRP-EC by elastase in vitro. The full-length (FL) and extra-
cellular (EC) fragments of PGRP-LCa were amplified using 
high-fidelity PCR. The following primers were used (restriction 
enzyme sites are underlined, start codon and stop codon are bold-
faced). The PGRP-LCa-FL N-terminal forward primer (EcoRI): 
5'-GGG AAT TCA TGC CTT TTA GCA ATG AAA CGG 
AAA TGA G-3';

PGRP-LCa-EC N-terminal forward primer (EcoRI): 5'-CGG 
GAA TTC ATG ACA AAT CTC TTC GGA AAG ACG 
TTG-3'; PGRP-LCa-FL C-terminal reverse primer (Not1): 
5'-CAA CGC CGG CGT CAC GAC CAA TGA GTC CAG 
TTG GC-3'. The PGRP-LC full-length and ectodomain frag-
ments were cloned into the pGEX vector and sequenced to be 
error-free. The expression and affinity purification of these GST-
PGRP-LC/GST-PGRP-EC fusion proteins were performed as 
previously described.48

Aliquots (20 ml of a 50% slurry) of the GSH-affinity-purified 
GST-PGRP-LCa-FL, GST-PGRP-LCa-EC and GST were 
treated with 1 ml of elastase (1 Unit/ml) at room temperature 
for 1–60 min and 1–6 h respectively. The protease cleavage reac-
tions were stopped by adding an equal volume of 1X SDS load-
ing buffer containing Roche complete protease inhibitors and 
freezing the samples immediately at -20°C. The protein samples 
were boiled at 100°C for 10 min and spun down at 4°C. The 
PGRP-LC cleavage products were separated by SDS-PAGE and 
gels were stained with Coomassie Blue.

Protease cleavage of PGRP-LC in S2 cells. Two million of the 
stable S2 cells expressing PGRP-LC were seeded in 6-well plates 
for overnight, and were gently washed three times using serum-free 
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S2 cell medium purchased from Gibco-BRL (Invitrogen) to rid 
of many protease inhibitors that are enriched in the fetal bovine 
serum (FBS) in the tissue culture medium. The S2 cells were 
treated with elastase (24U/ml) and thermolysin (1 mg/ml) iso-
lated from Bacillus thermoproteolyticus rokko (Sigma-Aldrich, a 
thermophilic extracellular metalloproteinase) in 2 ml serum-free 
S2 cell medium for two hours. Post protease cleavage, the S2 cells 
were collected, lysed in 1X Beach buffer containing 1X Roche 
complete protease inhibitors. The PGRP-LC expression level was 
analyzed by western blot using the anti-FLAG-M5 antibody and 
Actin expression was used as an internal loading control.

Proteomic ID of PGRP-LC cleavage products. Both GST-
PGRP-LCa-FL and GST-PGRP-LCa-EC could be rapidly 
cleaved by elastase in vitro (Fig. 5B). The elastase-cleaved GST-
PGRP-LCa intermediate fragment marked by a red arrow was 
isolated and sent for proteomic identification (ID) at the Mayo 
Clinic Proteomics Core. In parallel, the full-length PGRP-LCa 
as marked by a black arrow was isolated and used as a control. 
Protein ID was made via in-gel trypsin digest and nano-LC-MS/
MS with linear ion trap mass spectrometry.

The Coomassie Blue stained SDS-PAGE gel bands are pre-
pared for mass spectrometry analysis using the following proce-
dures. Prior to trypsin digestion, the gel pieces were destained 
with 50% acetonitrile/50 mM Tris pH 8.1 until clear then 
reduced with 25 mM DTT/50 mM Tris pH 8.1 for 40 min at 
55°C, followed by alkylation with 40 mM iodoacetamide/50 
mM Tris pH 8.1 for 40 min at room temperature. Proteins are 
digested overnight with 30 ml (0.004 mg/ml) trypsin (Promega 
Corporation, Madison, WI) in 25 mM Tris pH 8.1/0.0001% 
Zwittergent 3–16 at 37°C. The peptides are extracted with 60 ml 
of 2% trifluoroacetic acid for 45 min followed by 80 ml of aceto-
nitrile. The pooled extracts are concentrated to less than 5 ml on a 
SpeedVac spinning concentrator (Savant Instruments, Holbrook, 
NY), then brought up in 0.1% formic acid/0.05% trifluoroacetic 
acid for protein identification by nano-flow liquid chromatog-
raphy tandem mass spectrometry (nanoLC-MS/MS) analysis 
using a ThermoFinnigan LTQ Linear Ion Trap mass spectrom-
eter (ThermoElectron, San Jose, CA) coupled with a Michrom 
Paradigm MS4 (Michrom BioResources Inc., Auburn, CA). The 
peptide mixture is loaded into an OPTI-PAK inline trap cartridge 
(Optimize Technologies Inc., Oregon City, OR), custom packed 
with Michrom Magic C8 media, then injected onto a 75 um × 10 

cm ProteoPepII C18 PicoFrit nanoflow column (New Objective 
Inc., Woburn, MA) and eluted using a gradient of 0.1% formic 
acid/5% acetonitrile to 0.1% formic acid/50% acetonitrile in 50 
min. The linear ion trap experiment was set as data dependent 
triple play consisting of a full scan for ions in mass range of 400–
1400 m/z, triggering to 10 amu profile mode zoom scan then 
MS/MS mode on the full scan ions with intensities exceeding a 
preset threshold. The MS/MS raw data were converted to DTA 
files using ThermoFinnigan’s Bioworks 3.1 and correlated with 
theoretical fragmentation patterns of tryptic peptide sequences 
from the Swissprot databases using and Mascot™1 (Matrix 
Sciences, London, UK) search algorithm running on a 10 node 
cluster. All searches were conducted with variable modifications 
allowing +16 for methione sulphoxide, and +57 for carboxamido-
methyl-cysteines. The search was restricted to trypsin generated 
peptides allowing for 2 missed cleavages and was left open to all 
species. Peptide mass tolerances were ± 1.5 Daltons and fragment 
mass tolerance was set to ± 0.8 Daltons. Protein identifications 
are considered when Mascot searches give at least two consensus 
peptides with individual probability scores exceeding 95% and 
ranking in the top five of all the hits for their respective MS/MS 
spectra.49

Results

Activation of the IMD pathway by exogenous serine protease, 
elastase, in vivo. The Drosophila genome contains 10 elastase-
like serine proteinases, some of which are strongly upregulated 
in response to immune challenge.50 To test if elastase, a model 
serine protease released by mammalian neutrophils, could elicit 
IMD activation in Drosophila, wild-type OR flies were gently 
coated with exogenous elastase free of any bacterial cell wall con-
taminants.42 This method was used to avoid puncture or physical 
wounding to the animals during the delivery of this enzyme. As 
shown by the northern blot of AMP production, wild-type flies 
treated with elastase produced high levels of Diptericin mRNA, 
but not Drosomycin mRNA, indicating the IMD pathway was 
activated by elastase while TOLL was not (Fig. 1A). This response 
appeared to be mediated by the enzymatic activity of elastase 
(not by any contaminating microbial substances in the elastase 
solution), as the IMD activation did not occur in wild-type flies 
treated with heat-inactivated elastase (Fig. 1B). Together, these 

Figure 1 (See opposite page). Elastase activates the IMD pathway through the receptor PGRP-LC. (A) Expression of antimicrobial peptides (AMP) was 
examined in triplicate in wild-type OR flies and mutant flies, PGRP-LC (D5 null) and PGRP-SA (seml), after treatment with sterile 1X PBS, elastase (3 Unit/
ml), LPS (40 mg/ml), heparan sulfate (HS, 5 mg/ml), hyaluronic acid (HA, 20 mg/ml) or chondroitin sulfate (CS, 20 mg/ml) overnight. Northern blot analy-
sis was performed using 50 mg total RNA extracted from the treated flies, and the blots were hybridized with 32P-labeled cDNA probes to antimicrobial 
peptides including Drosomycin, Diptericin, Cecropin A1, Attacin, and Defensin. rp49 mRNA was used as a control. No bacteria were added in these experi-
ments to induce IMD activation. Film exposure is in the linear range. AMP production was examined by northern blots (panel 1). The relative levels of 
AMP expression, Diptericin/rp49 and Drosomycin/rp49, are shown in bar graphs in wild-type and mutant flies (panels 2, 3 and 4). Note that elastase was 
sufficient to induce robust IMD activation, whereas the saccharides did not. (B) AMP production in OR flies treated with elastase (3 U/ml) and heat-
inactivated elastase (boiled at 100°C for 5 min) was examined. Note that the loss of elastase enzymatic activity is associated with loss of IMD activation. 
(C) PBS- and elastase-treated flies were embedded in paraffin blots. The intestinal morphologies of 1X PBS- and elastase-coated adult flies are shown. 
Hematoxylin and Eosin staining (H&E) is used to view adult abdominal morphology/cellular histology using serial paraffin sections (panels 1 and 4). 
Gram staining was used to detect for the loss of structural integrity of elastase-treated flies and the presence of commensal bacteria in internal organs 
post elastase treatment (panels 2, 3, 5 and 6). Note that there is no bacterial presence outside of the intestines of elastase-treated flies when compared 
with PBS-treated flies, demonstrating that the intestinal integrity remains intact at the microscopic level and no commensal bacteria leaked into the 
internal organs upon elastase treatment. (D) Section shows the general morphology of adult retina, brain, heart and muscles, demonstrating that 
paraffin section can be easily adapted for Drosophila research of host-pathogen interaction.
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observations suggest that the elastase treatment can specifically 
activate the IMD pathway but not the TOLL pathway.

It is known that septic injury and tissue damage can lead to 
TOLL activation.1,10,51 Since it is well known that serine prote-
ases are necessary for Spz cleavage and the proteolytic cleaved Spz 

activates the TOLL pathway in Drosophila,1,14,52 the observation 
that the TOLL pathway is not affected by elastase, a serine prote-
ase, is intriguing, suggesting that distinct serine proteinases may 
be specifically required for either TOLL or IMD activation in 
Drosophila. The elastase-dependent IMD activation was highly 

Figure 1. For figure legend, see page 4.
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specific. First, the fact that TOLL pathway was not activated in 
these elastase-treated flies supported the conclusion that the gen-
tle coating technique used has not disrupted the general integ-
rity of the cuticle structure and led to global tissue damage that 
would result in TOLL activation. Second, no microscopic mela-
nization was observed in elastase-treated flies further supported 
this conclusion since the known tissue damage will activate the 
melanization cascades. Third, to ensure that the elastase treat-
ment did not activate the IMD pathway indirectly by causing tis-
sue damage that results in the leakage of commensal bacteria into 
the internal organs and subsequent secondary infection in the fly 
bodies, we embedded 1X PBS buffer- and elastase-treated adult 
flies in paraffin blots and performed H&E and Gram staining. 
The serial section and histology study confirmed that the major 
organs were intact and no commensal bacteria had leaked into 
the fly internal organs post elastase treatment under high and 
low magnification (Fig. 1C and D, data not shown). Lastly, the 
fly intestines were not damaged by elastase and no commensal 
bacteria were detected in the sterile interiors and internal organs 
of the animals (Fig. 1C, panels 5 and 6) when compared with 
the controls (Fig. 1C, panels 2 and 3). TOLL pathway is not 
activated in these elastase-treated flies clearly indicated that the 
“tissue damage” induced by this serine protease is not sufficient 
to activate the TOLL pathway. Based on the evidence, we con-
clude that elastase treatment is rather specific in activating the 
IMD pathway.

In mammalian systems, elastase is known to release TLR4 
agonists42,53 and therefore, it is possible that the elastase treat-
ment activates IMD pathway by releasing conserved sacharides 
such as the heparan sulfate (HS), hyaluronic acid (HA) or chon-
droitin sulfate (CS). These endogenous saccharides are the core 
and conserved components of extracelular matrix (ECM), they 
are ubiquitously present on the surface of all mammalian and 
insect cells, they decorate cell surface proteins, and are required 
for modulating many membrane receptor signaling pathways 
during development.54-56 To test this, flies were coated with 
endogenous saccharides (HS, HA and CS) and an exogenous 
microbial saccharides, lipopolysaccharide (LPS) and AMP pro-
duction was analyzed by northern blot. In contrast to treatment 
with elastase, none of the saccharides tested induced any sub-
stantial activation of either the IMD or TOLL pathway (Fig. 
1A). Thus, while the protease activity of elastase appears to be 
required for IMD activation, these known agonists of mamma-
lian TLR4 do not appear to activate the IMD pathway by gentle 
coating without needle puncturing. These results suggest that 
elastase treatment may activate the Drosophila IMD pathway 
through a different mechanism from that described for mice and 
humans.42,57,58

Elastase-mediated IMD activation requires PGRP-LC. 
Members of the PGRP family detect different types of micro-
bial invasion and activate the appropriate immune signaling 
pathways in Drosophila.1,59,60 To determine whether any of the 
infection-sensing PGRP receptors were required for elastase-
dependent Diptericin mRNA induction, we tested mutant flies 
with complete loss-of-function mutations in PGRP-LC−/− (D5) 
and PGRP-SA−/− (seml) for responses to IMD agonists. Similar to 

wild-types flies (OR), elastase treatment of seml mutant flies acti-
vated the IMD pathway, as indicated by expression of Diptericin, 
Attacin and Cecropin A mRNA (Fig. 1A, panels 1, 2 and 3). In 
contrast, elastase-mediated activation of the IMD pathway did 
not occur in PGRP-LC−/− (D5) mutant flies (Fig. 1A, panels 1 and 
4). Similar to the OR flies, HS, HA, CS saccharide treatment did 
not activate either the TOLL or IMD pathway in these mutant 
flies, suggesting that these saccharide substances do not by them-
selves elicit an immune response by gentle coating the surface of 
adult flies with no puncturing. Collectively, these results show 
that activation of the IMD pathway by elastase requires func-
tional PGRP-LC. It is conceivable that elastase may act directly 
or indirectly on this receptor.

Activation of the IMD pathway by matrix metalloprotein-
ase (Mmp2). As many serine proteases have been implicated in 
fly immunity (TOLL activation and melanization), we asked 
whether the observed IMD activation was specific to elastase 
or reflected a broader mechanism of specific protease-mediated 
activation of the IMD pathway. To address this question, we 
ectopically expressed matrix metalloproteinases (MMPs), which 
are known to induce the breakdown of extracellular matrix and 
induce tissue damage as well as elicit host immune responses.61,62 
We employed the GAL-UAS system to express MMP in fat bod-
ies, a major organ responsible for Drosophila humoral immu-
nity, and we then measured AMP production in transgenic flies 
expressing MMP in the internal organs.

Drosophila has two MMP genes: Mmp1 and Mmp2.63 Mmp2 
is a membrane-associated MMP with a glycosylphosphatidylino-
sitol (GPI) anchor while Mmp1 is a secreted MMP.64 To evaluate 
the potential function of these proteases in IMD activation, we 
expressed Mmp1, Mmp1C93A (a constitutively-active mutant), 
or Mmp2 in adult female fat bodies using the yolk protein 1 
promoter (YP1-GAL4)15,44,45 and then determined the immune 
responses in the transheterozygous females. We chose the fat 
body-specific driver (YP1-GAL4) because fat bodies are a major 
organ responsible for Drosophila humoral immunity. In addi-
tion, we reasoned that the expression of MMP in an internal 
environment (away from the Drosophila external cuticle and gut/
intestinal system) should minimize the complication of second-
ary infection by external or gut commensal bacteria.

Ectopic expression of Mmp2 in the resultant transgenic flies 
led to marked activation of the IMD pathway while ectopic 
expression of either Mmp1 or activated Mmp1C93A did not (Fig. 
2A, panels 1, 2 and 3). To ensure that Mmp1 and Mmp1C93A 
is expressed and active in these transgenic flies, MMP was 
expressed under the control of Cg-GAL4, which directs tran-
scription in the larval fat body, the anterior lobe of the lymph 
gland and the circulating hemocytes.46 As shown in Figure 2C, 
Mmp1C93A is clearly an active and functional MMP whose expres-
sion under the control of Cg-GAL4 leads to severe internal tissue 
damage and histolysis (Fig. 2C). The Cg-GAL4-UAS-Mmp1 and 
Cg-GAL4-UAS-Mmp2 animals are embryonic lethal. The mem-
brane-spanning and ectodomain-deleted PGRP-LC-I fragment 
was used as a positive control to show the expression of the active 
receptor under Cg-GAL4 led to massive melanization pheno-
types.43 Interestingly, no melanization phenotype was observed 
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in these Cg-GAL4-UAS-Mmp1C93A animals with massive internal 
tissue injury (Fig. 2C). These results suggest that internal tissue 
damage per se may not necessarily lead to melanization. External 
puncture/tissue damage is known to activate melanization cas-
cades in Drosophila.34,65,66 The finding that the melanization cas-
cades are not activated in response to internal tissue damage by 
Mmp1C93A is intriguing. The question of whether external and 
internal tissue damages are perceived differently in Drosophila 
remains to be further defined.

Since the ectopic expression of Mmp2 can activate the IMD 
pathway, it is possible that Mmp2 is a bona fide signaling com-
ponent of the IMD pathway that acts upstream of PGRP-LC. To 
test this idea, we examined the IMD activation in null mmp2 
mutant larvae treated with or without E. coli. The mmp2 mutant 
larvae mounted as robust an immune response against E. coli as 
the wild-type larvae, indicating that Mmp2 is not a bona fide 
signaling component required for the IMD activation (Fig. 2B, 
panels 1 and 2). However, the result does not exclude the pos-
sibility that Mmp2 functions in a genetically redundant fashion, 

Figure 2. Expression of Drosophila matrix metalloproteinase, Mmp2, in fat bodies is specific in activating the IMD pathway in vivo. (A) Expression 
of Mmp2 in female adult fat bodies (YP1-GAL4) resulted in a marked increase in Diptericin mRNA production in the absence of bacterial infection. 
Northern blot was performed as described above. Two independent transgenic lines carrying Mmp1, Mmp1C93A or Mmp2 transgene inserted on either 
chromosome II or III were tested. No bacteria were used in these experiments to induce IMD activation. AMP production was examined by northern 
blots (panel 1). The relative levels of AMP expression, Diptericin/rp49 and Drosomycin/rp49, are quantified by bar graphs in MMP-expressing flies (panels 
2 and 3). Note that Mmp2 expression induced robust IMD activation whereas the Mmp1 did not. (B) Mmp2 mutant larvae have a normal IMD response 
in response to E. coli infection. Two hundred wild-type and Mmp2 mutant larvae at the first and second instar stage were treated with or without E. coli 
for six hours. The northern analysis was performed as described (panel 1). The relative levels of AMP expression, Diptericin/rp49, in response to infec-
tion are quantified by bar graph. (C) Expression of Mmp1C93A under the control of Cg-GAL4 resulted in tissue histolysis (holes), internal tissue damage 
and subsequent lethality, suggesting that Mmp1C93A is an active MMP. However, no melanization reaction was observed. The expression of extracellular 
PGRP domain-deleted receptor, PGRP-LC-I, is known to drive melanization reaction in the absence of an infection, and it was used as a control.
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directly or indirectly, in the proteolytic activation of other yet-to-
be-identified upstream signaling components in the PGRP-LC 
pathway.

Since the YP1-GAL4-UAS-Mmp2 transgenic flies are infertile, 
semi-lethal, have significantly shortened life span and die after a 
few days post eclosion at 18–20°C (pupal lethal at 25°C), it pre-
cludes our ability to experimentally examine the genetic epistasis 
between Mmp2 and PGRP-LC. Nevertheless, the results show 
that expression of Mmp2 (but not Mmp1), a different class of 
protease from elastase with distinct enzymatic mechanism and 
substrate specificity, activates the IMD pathway in a manner sim-
ilar to that of elastase. Thus, the IMD pathway can be activated 
by two proteases, elastase and Mmp2, in Drosophila.

PGRP-LC can be cleaved in response to live Salmonella/E.
coli infection in S2 cells. We have thus far provided evidences 
showing that the elastase-dependent IMD activation requires 
a functional receptor, PGRP-LC. These observations raise an 
interesting possibility that PGRP-LC may be a substrate of a 
yet-to-be-identified protease(s) released during active pathogenic 
infection. To determine whether the infection-mediated and pro-
tease-mediated IMD activation are linked events, we examined 
whether live bacterial infection activates the IMD pathway by 
cleaving PGRP-LC in the extracellular domain. To address this 
question, we tested whether exposure to Gram-negative bacte-
rial infection modulates PGRP-LC expression in Drosophila S2 
cells. A FLAG tag was added to the intracellular N-terminus 
of PGRP-LCa/x (Fig. 3A). We designed the reporter construct 
so that the FLAG-tagged intracellular domain of PGRP-LC 
should be protected from any protease-dependent cleavage event 
extracellularly in response to pathogen infection and we hope 
to use this construct to capture cleavage intermediates of the 
receptor. Drosophila S2 cells stably expressing one of the two 
full-length receptors—PGRP-LCx and PGRP-LCa—under the 
control of an inducible metallothionein promoter was generated. 
Immunochemical staining revealed that the subcellular localiza-
tion of both PGRP-LC receptors was predominantly at the mem-
brane, consistent with the published results (Fig. 3B; data not 
shown; ref. 25). Importantly, the induced PGRP-LC expression 
was stably maintained in serum-free medium, and no receptor 

cleavage was detected by western blots in the absence of live 
pathogenic bacterial infection (Fig. 3C).

Having established PGRP-LC-expressing stable S2 cell lines, 
we next analyzed the effects of live pathogen infection on the 
expression and structural integrity of PGRP-LC. The PGRP-LC 
expressing cells were treated with increasing amounts of live E. 
coli, Salmonella Typhimurium or Staphylococcus carnosus and 
alterations in PGRP-LC expression were examined by western 
blot analysis. As a control, minimal cross-reactivity was detected 
between bacterial proteins and the anti-FLAG-M5 antibody 
used (Fig. 3C). To infect these S2 cells expressing the PGRP-LC 
with live bacteria, we did a serial dilution that exposed the S2 
cells with increased amount of bacteria until the infection ratio 
reached 1:10 ratio (S2 cells: bacterial cells). Interestingly, we 
found that PGRP-LCx/a expression disappeared following infec-
tion by live E. coli and Salmonella (Gram-negative) at ratio of 1:5 
for overnight, while Gram-positive Staphylococcus infection did 
not result in any changes in PGRP-LC expression using the same 
infection ratio (Fig. 3D and E). Importantly, increasing amounts 
of a possible cleavage intermediate of N-terminal FLAG-tagged 
PGRP-LC (marked by the red arrows) were detected concomi-
tant with the decreasing amounts of the full-length receptor dur-
ing live E. coli or Salmonella infection at an infection ratio of 1:10 
(Fig. 3F and G). Our results suggest that the receptor PGRP-LC 
might be degraded or cleaved in response to the presence of live 
Salmonella/E. coli infection in S2 cells.

Protease-deficient E. coli or dead bacteria do not alter 
PGRP-LC expression in S2 cells. To determine whether this 
cleavage of the receptor PGRP-LC during live infection specifi-
cally reflects the action of infection-induced virulence factor or 
bacterial digestive enzymes for invasion, or can be achieved by 
the recognition of bacterial surface antigens, we asked whether 
the structurally intact but dead bacteria would also induce simi-
lar PGRP-LC cleavage/degradation in Drosophila S2 cells. To 
minimize the possibility that a specific bacterial antigen could 
be destroyed during the specimen processing, two independent 
chemical fixatives (4% paraformaldehyde and 100% ethanol) 
were used to preserve the structural integrity and surface patterns 
of the bacterial cells following the electron microscope (EM) 

Figure 3 (See opposite page). Loss of PGRP-LC integrity in response to live E. coli/Salmonella infection in S2 cells. (A) A schematic illustration of 
the full-length receptors, PGRP-LCa/x, is shown. Identical intracellular and transmembrane (TM) domains are depicted as gray boxes and divergent 
extracellular PGRPa/x domains are depicted as pink and blue boxes. The FLAG tag (black bar) is added to the intracellular N-terminus of PGRP-LCa/x. 
This intracellular FLAG-tagged PGRP-LCa/x should be protected from any extracellular cleavage events and thus facilitate the detection of any recep-
tor cleavage intermediates in response to pathogen infection by the western blot analyses. (B) PGRP-LC is a membrane receptor that is prominently 
expressed on the cell surface. (Panels 1–3) Stable S2 cell lines expressing FLAG-tagged PGRP-LC were established under the control of the inducible 
metallothionein promoter. Immunofluorescent staining shows that PGRP-LC is expressed on the membrane surface (panel 1). DAPI and Phalloidin 
were used as controls to stain nuclei (panel 2) and F-actin (panel 3). (Panels 4–6) Human cancer cells expressing EGFP-tagged PGRP-LC were estab-
lished under the control of the CMV promoter. Three representative confocal images of the transfected cells are shown. PGRP-LC is clearly a membrane 
protein with some vesicles, ER/Golgi staining in the cytoplasm. (C)–(H) The expression of intracellular FLAG-tagged PGRP-LCx/a in S2 cells in response 
to live E. coli/Salmonella/Staph infection was determined by western blot analysis. (C) Expression of PGRP-LCx/a was established in stable S2 cell lines 
(two black arrows). S2 cells were used as negative control. A minimal amount of anti-FLAG-M5 cross-reactivity was detected with bacterial proteins [E. 
coli/Salmonella/Staph/BL21(DE3)] used in this study. A nonspecific band that cross-reacted with the anti-FLAG-M5 mAb was occasionally detected in 
untreated S2 cells. No receptor cleavage was observed under sterile condition. (D) Dosage-dependent cleavage of PGRP-LCx by live E. coli was exam-
ined after the cells were inoculated overnight with increasing amounts of E. coli. At the infection ratio of 5:1 (bacteria to S2 cells), PGRP-LC is cleaved. (E) 
No PGRP-LCa cleavage was detected under similar and higher bacterial conditions upon Staph (Gram-positive bacteria) infection overnight. (F) and (G) 
In order to capture the receptor cleavage intermediates, the S2 cells expressing PGRP-LC were subjected to a short time course of E. coli or Salmonella 
infection at the infection ratio of 10:1 (bacteria to S2 cells) for 0–10 h. Some PGRP-LC cleavage intermediates were readily detected (as marked by the 
red arrows). Anti-FLAG-M5 mAb was used to detect PGRP-LCa/x expression and Actin was used as a loading control.
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procedure. We chose not to use the heat-inactivating method 
to avoid any structural and integrity damages to bacterial cells. 
The results showed that treating the PGRP-LC-expressing S2 
cells with chemically-fixed and thus dead E. coli/Salmonella, or 

Staphylococcus at 50-fold or 10-fold higher concentrations than 
the live bacteria did alter neither PGRP-LCx nor PGRP-LCa 
expression or receptor integrity (Figs. 4A–E and data not shown), 
suggesting that live Gram-negative bacterial infection can induce 

Figure 3. For figure legend, see page 8.
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the PGRP-LC cleavage while dead but structurally intact bacteria 
cannot do so.

As the accumulated evidence suggests that proteolysis may 
play a role in the IMD activation, we reasoned that the factor 
required for bacteria to elicit PGRP-LC degradation might be a 
protease. To test this idea, we treated the stable S2 cells express-
ing PGRP-LC with live BL21(DE3), a protease-deficient E. coli 
strain with a mutated outer membrane serine protease (OmpT ). 
OmpT is a surface protease that is responsible for conferring resis-
tance to antimicrobial peptides and is known to be physiologi-
cally relevant for the virulence of Yersinia pestis and clinical E. coli 
isolates.67-73 The result showed that massive BL21(DE3) infec-
tion was indeed defective in inducing modulation of PGRP-LC 
expression when compared with wild-type live Salmonella/E. coli 
infection (Fig. 4F). Thus, live E. coli/Salmonella infection (at an 
infection ratio of 1:5) induced rapid PGRP-LC cleavage/degra-
dation while none of the dead bacteria (at an infection ratio of 
1:50), live protease-deficient E. coli (at an infection ratio of 1:60) 
or live Gram (+) bacteria, Staphylococcus, (at an infection ratio 
of 1:5) modulated PGRP-LC receptor intergrity in S2 cells nor 
did they induce IMD activation in vivo (Figs. 3 and 4; ref. 43]. 
These results suggest an interesting possibility that active infec-
tion and specific pathogen-host antagonism may secret a viru-
lence factor(s) that modulates structural integrity of PGRP-LC 
in the presence of pathogenic bacteria. They may also point to a 
potential role for the bacterial surface serine protease OmpT in 
triggering PGRP-LC signaling during Gram-negative bacterial 
infection in vivo. The role of the bacterial OmpT in the IMD 
activation will be elucidated in the transgenic fly models in the 
future.

PGRP-LC can be cleaved by elastase in vitro and in vivo. 
PGRP-LC cleavage/degradation during a live bacterial infection 
raises the question of whether PGRP-LC can be cleaved directly 
by protease release induced by active infection. Since the elastase-
induced IMD activation depends on a functional PGRP-LC, we 
examined whether PGRP-LC could be an elastase substrate in 
vitro. The full-length (FL) and extracellular (EC) fragments of 
PGRP-LCa were GST-tagged and affinity purified (Fig. 5A). The 
two GST-PGRP-LC

FL/EC
 fusion proteins were treated with elas-

tase, a model serine protease. Following a similar time course, 
both the full-length and ectodomain of PGRP-LC were rapidly 
cleaved by elastase in 10–20 min in vitro (Fig. 5B). PGRP-LC

EC
 

was completely degraded by elastase while a LC intermediate 
product was detected in PGRP-LC

FL
 cleavage (marked by the red 

arrow) (Fig. 5B). Comparative proteomic analysis of the elastase-
cleaved LC intermediate and the full-length PGRP-LCa indicated 
that the elastase-mediated proteolytic cleavage of PGRP-LC was 
rather nonspecific, because a near complete MS peptide cover-
age was observed from the LC intermediate spanning the entire 
PGRP-LC coding region (Fig. 5C). Affinity-purified GST pro-
tein, used as a negative control, was not cleaved by elastase after 
a 6-h prolonged incubation (Fig. 5D). Thus, these results show 
that PGRP-LC

FL/EC
 can be rapidly cleaved by elastase within 10 

min in vitro, suggesting an intriguing possibility that the extra-
cellular fragments of PGRP-LC may be readily cleaved by certain 
pathogen/injury-induced digestive enzymes while its intracellular 

domain may be protected by plasma membrane to signal the 
presence of active pathogen infection and invasion to the host 
cells and enable them to mount an effective innate immune and 
host defense response.

We next examined whether PGRP-LC stably expressed on the 
surface of Drosophila S2 cells could be similarly cleaved by elas-
tase and active MMP, both of which trigger the IMD activation 
in flies in vivo (Figs. 1 and 2). Elastase and thermolysin (bacte-
rial MMP) were added to S2 cells stably expressing PGRP-LCx 
in serum-free medium under sterile condition and the PGRP-LC 
expression and integrity was monitored by western blot. In agree-
ment with the in vitro biochemical cleavage results with GST-
tagged PGRP-LCa

FL/EC
 (Fig. 5B), PGRP-LCx expressed in the 

S2 cells was readily cleaved by elastase or thermolysin (Fig. 5E). 
Thus, these results provide additional evidence to support that 
PGRP-LC may be a bona fide elastase substrate in vitro and in 
S2 cells. Nevertheless, the endogenous proteases that could cleave 
PGRP-LC in vivo in response to live Gram-negative infection 
remain to be identified.

Discussion

While the activation of serine protease cascades and Spz prote-
olysis are known to play a pivotal role in TOLL activation in 
Drosophila,11-13,74 the involvement of proteases in PGRP-LC/
IMD activation, the other major signaling pathway of Drosophila 
humoral immunity, has not been reported. Here we provide 
first evidence to show that proteases such as elastase and Mmp2 
can specifically activate the Drosophila IMD pathway in vivo. 
Moreover, the elastase-induced activation of the IMD pathway 
requires a functional PGRP-LC and the extent of PGRP-LC 
proteolysis appears to be correlated with live bacterial infection. 
Taken together, these data suggest that, similar to the TOLL 
pathway, protease activity may play a role in the IMD activation.

Even though the physiological relevance of this protease-
dependent IMD activation remain to be elucidated, it neverthe-
less seems possible that these proteases may mimic some aspects 
of pathogenic bacterial infection, e.g., the activity of yet-to-be-
identified proteases perhaps emanating from invading microbes 
as well as activated host immune cells during pathogen-host 
antagonism. Indeed, several evidences suggest that this may be 
the case. First of all, infection of Drosophila S2 cells or transgenic 
animals with live Salmonella/E. coli, but not dead Salmonella/E.
coli at a 10-fold higher concentration, results in the cleavage of 
the receptor PGRP-LC. Second, the receptor PGRP-LC can be 
directly cleaved by elastase in vitro and S2 cells, suggesting that 
elastase may mimic the action of an infection-induced virulent 
factor(s) that lead to the cleavage of the receptor PGRP-LC 
and in turn activate the IMD pathway. Third, an ectodomain 
(PGRP)-deleted transmembrane receptor that is common among 
all three PGRP-LC isoforms, PGRP-LC-I, when overexpressed, 
function as a constitutively active receptor in the absence of 
pathogen infection.43 Together, these observations suggest that 
a bacterial protease may trigger the cleavage of the extracellular 
(PGRP) domain of PGRP-LC, rendering the receptor active to 
activate the downstream IMD pathway to combat the invading 
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Gram-negative bacteria and repair the invasion-dependent tissue 
damage.

It has been reported that extracellular serine proteases can 
activate mammalian MMPs.75 It is also known that an exog-
enous fungal protease PR1 can cleave an endogenous Persephone 
protease that in turn activates TOLL pathway, suggesting that 
host immune sensor can be modulated by virulence factors 
released during pathogen-host interaction.13 It remains to be 

determined whether infection/injury-induced proteases are 
released during pathogen-host antagonism, what the identities 
of these proteases are and where they come from, whether they 
cleave PGRP-LC extracellularly and whether a damaged recep-
tor PGRP-LC sends a “danger” signal to the host cells to activate 
the host defense responses in vivo. Despite the limitations in our 
experiments, our data have provided important cues in explain-
ing how innate immune pathways are activated in response to 

Figure 4. PGRP-LC expression is not affected by the presence of high concentration of dead bacteria or protease-deficient E. coli. The expression 
of FLAG-tagged PGRP-LCa/x in S2 cells in response to dead E. coli/Salmonella/Staph and protease-deficient BL21(DE3) infection was determined by 
western blot analysis. (A), (B), (C), (D) and (E) None of the structurally intact but dead bacteria (either paraformaldehyde-fixed or ethanol-fixed E. coli, 
Salmonella or Staph) triggered any PGRP-LC cleavage at very high infection ratio of 50:1 (10-fold higher concentration than live bacterial infection). (F) 
A protease-deficient E. coli strain, BL21(DE3), was used to infect S2 cells stably expressing FLAG-tagged PGRP-LCa/x proteins. No significant receptor 
cleavage was detected at a high infection ratio of 60:1. Anti-FLAG-M5 mAb was used to detect PGRP-LCa/x expression and Actin was used as a loading 
control.
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Figure 5. For figure legend, see page 13.
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pathogen infection in vivo. Thus, we would like to offer the fol-
lowing hypothesis.

We speculate that the modulation of host innate immunity 
receptors/sensors may be a second-phase interaction for host cells 
to differentiate pathogenic from non-pathogenic microbes after 
initial-phase of PAMP recognition and host-microbe interaction. 
The infection-dependent modulation of host surveillance recep-
tors/sensors may lead to irreversible activation of innate immu-
nity pathways and in turn allow for propagation of a localized 
host response against the invading pathogens. Thus, pathogenic 
microbes may engage host cells, release virulence factors, diges-
tive enzymes/proteases for invasion and infection which could 
in turn cleave the innate immunity receptors/sensors while non-
pathogenic microbes will engage host cells without stimulating 
the release of any harmful substances that may compromise the 
integrity of the host sentinel receptors/sensors. A working model 
is proposed in which PGRP-LC acts as a sentinel receptor for 
the IMD pathway that can be activated by PAMP recognition 
via DAP-PGN binding as well as a proteolysis-dependent mech-
anism (Fig. 6). We hypothesize that the structural integrity of 
PGRP-LC may thereby constitute a tissue well-being signal and 
the cleavage of the PGRP ectodomain may signal the onset of 
pathogenic infection and tissue damage.

PGRP-LC is known to recognize and bind monomeric pep-
tidoglycan (DAP-type PGN) through its PGRP ectodomain 
and in turn to activate the IMD pathway.21-23 These elegant 
studies clearly demonstrate the PGRP-LC is a pattern recogni-
tion receptor that can be activated by specific pathogen-associ-
ated molecular pattern like DAP-PGN. Our infection-induced 
and protease-mediated IMD activation model complements 
and expands the well-established DAP-PGN pattern recogni-
tion IMD activation model by explaining how innate immune 
responses might be similarly activated in response to infection, 
inflammation and tissue injury (Fig. 6 and refs. 22 and 23). 
It points to an interesting and rather simple possibility of the 
involvement of proteases, virulence factors as well as some other 
specific “danger/damage” signals for the host cells to recognize 

pathogenic microbes and mount effective immune responses in 
addition to pattern recognition.

The new model is attractive because mammalian innate 
immunity and pattern recognition receptors lack the receptor 
diversity to match the remarkable diversity of potential patho-
gens.76-80 By detecting the infection-induced “loss of well-being” 
signal through the monitoring of structural integrity of a small 
number of innate immunity receptors (PGRP-LC in the IMD 
pathway) and ligands (Spz in the TOLL pathway), it can send 
an unambiguous, irreversible and highly effective “danger/dam-
age” signal to the host cells in response to infection and tissue 
damage by a diverse array of pathogenic microbes. A locally acti-
vated proteolytic cascade initiating from a small number of host 
innate immune receptors/sensors would allow for selective acti-
vation of specific innate defense pathways, and confinement of 
host defense to specific sites of infection/injury to initiate local 
tissue repair and fight off infection in a temporally and spatially 
controlled manner. In addition, downregulation of the innate 
immune receptors during active infection might provide a regu-
latory feedback mechanism for host cells to fine tune their innate 
immune responses and mount an optimal host defense against 
the invading microorganisms. An irreversible cleavage of the 
sentinel receptors would also preclude a microorganism’s ability 
to evade innate immune pattern recognition receptors through 
adaptive mutations.

In addition to these unique features listed above, we believe this 
working model has two additional merits. One, it helps to explain 
how inflammatory pathways contribute to tissue regeneration and 
repair in wound-healing in the absence of pathogen infiltration. 
Second, the model helps to explain how a small number of senti-
nel receptors like PGRP-LC can be so effective in activating the 
host defense system to combat specific pathogenic microbes while 
remaining unaffected by a diverse array of commensal microbes 
continually present in the environment. There are trillions of 
commensal microorganisms (1014 microbes) co-existing peace-
fully with us in complex ecosystem; in a healthy individual, com-
mensal microbes outnumber host cells by a ratio of up to 20:1.81 

Figure 5 (See opposite page). PGRP-LCa is an elastase substrate in vitro and a membrane-expressing PGRP-LCx can be cleaved by mammalian elas-
tase and bacterial MMP in S2 cells. GSH-sepharose beads were used to affinity-purify full-length (FL) GST-tagged PGRP-LCa (named GST-PGRP-LCa), 
GST-tagged extracellular (EC) PGRPa domain (named GST-PGRP-LCa-EC) and GST proteins. GST protein is used as a negative control. (A) A schematic il-
lustration of GST-tagged-PGRP-LCaFL/EC is shown. (B) The full-length GST-PGRP-LCaFL/EC fusion proteins are marked by black arrows. Both the full-length 
and extracellular fragment of PGRP-LCa can be readily cleaved by elastase in vitro. Equal aliquots (20 ml) of the GST-PGRP-LC fusion proteins were 
treated with 1 ml of elastase at different time points (1–60 min). The cleaved GST-PGRP-LCFL/EC intermediates were separated by SDS-PAGE and visual-
ized by Coomassie Blue staining. A cleaved PGRP-LCa intermediate marked by the red arrow was sent for proteomic identification (ID) of the putative 
cleavage sites on PGRP-LC by elastase. (C) Proteomic ID results showed that the cleavage of PGRP-LCaFL/EC by elastase is rather nonspecific and elastase 
can completely cleave the extracellular PGRPa domain in vitro. (Panels 1 and 2) The proteomic identification results of PGRP-LCa cleavage intermediate 
as marked by the red arrow in Figure 5B (panel 1) and the full length PGRP-LCa (panel 2) are shown. The peptides identified and matched to the pub-
lished PGRP-LCa amino acid sequence from the MS data are depicted in red. The near complete MS peptide coverage of the entire PGPLC-LCa coding 
sequence was detected in both the cleaved intermediate and the full-length receptor, indicating that the cleavage sites are rather nonspecific. (Panel 
1) The transmembrane domain of PGRP-LCa that is located between 291–325 amino acids is not detected in the elastase-cleaved PGRP-LCa intermedi-
ate (marked by the underlined blue color). One possibility is that elastase may cut PGRP-LC near the TM domain between 291–325 Lysine (K) positions. 
Another possibility is that this hydrophobic TM peptide may be lost during sample preparation for MS ID in the elastase cleaved PGRP-LC intermedi-
ate. (D) GST protein was used as a negative control and treated with elastase for an extended period (6 h). No cleavage of GST protein was observed. 
(E) Stable S2 cell lines expressing intracellular FLAG-tagged PGRP-LCx were established under the control of the inducible metallothionein promoter. 
Dosage-dependent cleavage of PGRP-LCx by elastase (24 U/ml) or bacterial MMP, thermolysin (1 mg/ml) was examined after the cells were inoculated 
for 2 h with increasing amounts of proteases in serum-free medium under sterile conditions. The results showed that PGRP-LCx was readily accessible 
to elastase/thermolysin-mediated proteolysis. Anti-FLAG-M5 mAb was used to detect PGRP-LC expression and Actin was used as a loading control.
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Drosophila hosts millions of resident microbes without eliciting 
TOLL and IMD activation in healthy animals raised in normal 
laboratory environment while certain commensal bacteria could 
become pathogenic to flies raised in germ-free environment.82 
How Drosophila controls its resident microbiota communities 
and how Drosophila distinguishes pathogenic microbial infec-
tion in the midst of commensal microbes remain an interesting 
but unanswered question.83,84 Since many exogenous and endog-
enous immune agonists are known to be cleaved products/shed 
substances from pathogenic microbes or host cells, it is likely 
that infection/injury-induced specific digestive enzymes/pro-
teases may play a role in generating the PAMPs as the immune 
agonists, modulate immune receptors/sensors and in turn play a 
role in activating the innate immunity pathways. During the con-
tinual cell cycles of our symbiotes, commensal bacterial cell wall 
metabolites/byproducts, many of which are similar to pathogenic 
PAMPs, are being constantly shed but are also actively monitored 
and recognized by the host immune cells.85-87 Yet the common 
microbial associated patterns that are shed by commensal bacteria 
very rarely elicit any host immune responses in healthy animals 
(except for animals raised in germ-free environment). And though 

exactly what enables a host cell to differentiate between a patho-
genic vs. a nonpathogenic microbe remains an unanswered ques-
tion in biology. It is extremely likely that some other mechanisms 
in addition to the pattern recognition strategy may exist.41,87-90

Our understanding of innate immunity has advanced with 
the realization that innate immunity receptors/sensors are able to 
recognize both exogenous and endogenous signals; for example, 
mammalian TLRs, once thought to recognize only exogenous 
substances, have recently been shown to also have endogenous 
TLR agonists.77,80,88,89,91,92 How endogenous and exogenous 
immune agonists/stimuli are generated during infection is 
unclear but based on the size and nature of these cleaved prod-
ucts, an infection- and inflammation-dependent enzyme-medi-
ated cleavage event for the production of these substances may 
be inferred. Since bacterial cell wall components are cleaved by 
digestive enzymes during infection to generate PAMPs, it is con-
ceivable that host innate immunity receptors/sensors on the cell 
surface may be similarly exposed to the proteolytic events during 
pathogen-host warfare.

Protease cascades are commonly activated in host-pathogen 
interaction, inflammation, tissue damage and remodeling, cell 

Figure 6. A model summarizing the infection-induced protease-dependent cleavage of innate immunity sensors/receptors in response to pathogenic 
infection and tissue damage in Drosophila A schematic illustration of the protease-dependent activation of Drosophila IMD and TOLL pathways is 
shown. It is well established that the TOLL ligand Spätzle is processed by an infection-activated serine protease cascade and that the cleaved Spätzle 
binds to TOLL and thereby activates the TOLL pathway.1 The receptor PGRP-LC can be activated by binding to bacterial elicitors (monomeric or 
polymeric DAP-PGN).1,21,23 To complement the well-established mechanism of innate immune activation via microbial pattern recognition (PAMP), we 
hypothesize that PGRP-LC may also be cleaved by infection-induced proteases released during pathogen-host antagonism. The structural integrity of 
the sentinel receptor PGRP-LC may constitute a “tissue well-being” signal. The infection-induced protease release may be a “danger/damage” signal 
that may help the host cells to detect pathogen infection and tissue injury.
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invasion and cancer metastasis.26-29,93 Since protease release is 
often associated with the presence of pathogenic microbes, in 
fact, the involvement of serine proteases in mammalian immuno-
logical responses has been widely implicated.31,36-38,40 For example, 
the Drosophila IMD pathway exhibits homology to the mamma-
lian tumor necrosis factor (TNFa) signaling pathway. Although 
no mammalian TNF superfamily of receptors have been shown 
to be cleaved or activated by proteolysis, many ligands for the 
TNF superfamiliy receptors can be released from the cell surface 
by a limited proteolysis through distinct types of proteases.94,95 
Also, cell surface proteolysis and proteinase-activated receptors 
(PARs) are involved in many important biological processes. 
Hence, it is conceivable that some host immune receptors/sen-
sors could be cleaved by an infection-induced damage-dependent 
proteolysis in a manner similar to that described for Spz, PARs 
and Notch.1,27,96-99

As pathogenicity of bacteria is not necessarily related to pro-
duction of known exogenous PAMP stimuli of innate defense, 
mechanisms in addition to pattern recognition of these agonists 
may exist. It is known that serine proteases play key roles in TOLL 
pathway activation.11-13,74,100 Thus, there remains a possibility that 
the infection-induced protease-mediated modulation of innate 
immunity receptors/ligands/sensors may serve as a generic “loss 
of well-being” signal in pathogen-host interaction and inflam-
mation/wound healing. As such, we would like to propose that 
in conjunction with PAMP recognition, the infection-induced 
protease release (whether pathogen-derived, host-derived or 
more likely of mixed origins) during pathogen-host antagonism 

might be an additional determinant in differentiating pathogenic 
microbes. Although much work is needed to be done to prove this 
model, we are convinced that additional cues in addition to pat-
tern recognition may be necessary for the host cells to distinguish 
commensal vs. pathogenic microbes and activate multiple host 
defense mechanisms.
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