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Application of a chemical probe
to detect neutrophil elastase
activation during inflammatory
bowel disease

Bethany M. Anderson'2, Daniel P. Poole?, Luigi Aurelio®, Garrett Z. Ng?,

Markus Fleischmann'*, Paulina Kasperkiewicz®, Celine Morissette®, Marcin Drag®,
lan R. van Driel}, Brian L. Schmidt’, Stephen J. Vanner®, Nigel W. Bunnett®?2%° &
Laura E. Edgington-Mitchell %7

Neutrophil elastase is a serine protease that has been implicated in the pathogenesis of inflammatory
bowel disease. Due to post-translational control of its activation and high expression of its inhibitors

in the gut, measurements of total expression poorly reflect the pool of active, functional neutrophil
elastase. Fluorogenic substrate probes have been used to measure neutrophil elastase activity, though
these tools lack specificity and traceability. PK105 is a recently described fluorescent activity-based
probe, which binds to neutrophil elastase in an activity-dependent manner. The irreversible nature of
this probe allows for accurate identification of its targets in complex protein mixtures. We describe

the reactivity profile of PK105b, a new analogue of PK105, against recombinant serine proteases

and in tissue extracts from healthy mice and from models of inflammation induced by oral cancer

and Legionella pneumophila infection. We apply PK105b to measure neutrophil elastase activation in
an acute model of experimental colitis. Neutrophil elastase activity is detected in inflamed, but not
healthy, colons. We corroborate this finding in mucosal biopsies from patients with ulcerative colitis.
Thus, PK105b facilitates detection of neutrophil elastase activity in tissue lysates, and we have applied
it to demonstrate that this protease is unequivocally activated during colitis.

Neutrophil elastase (NE) is a serine protease found within azurophilic granules of neutrophils!. During infec-
tion, active NE contributes to killing of pathogens, and mice lacking NE are more susceptible to bacterial and
fungal infections'. NE also mediates inflammation by processing cytokines, chemokines and growth factors'.
Furthermore, NE cleaves the extracellular N termini of protease-activated receptors (PARs), a family of G
protein-coupled receptors (GPCRs), to initiate cellular signaling events that lead to inflammation and pain®*.
NE has recently been implicated in the pathogenesis of inflammatory bowel diseases (IBD), which are char-
acterized by chronic and relapsing inflammation in the gastrointestinal tract®. IBD comprises ulcerative colitis
(UC) and Crohn’s disease (CD), both of which are associated with diarrhea, rectal bleeding, increased urgency
and pain. Mice lacking one copy of NE and a closely related neutrophil serine protease, proteinase 3 (PR3), exhibit
improved symptoms in mouse models of colitis®. Enforced expression of elafin, an endogenous serine protease
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Figure 1. Structures of PK105'¢, PK105b, and Cy5-V-DPP',

inhibitor, either by intracolonic administration of adenoviral vectors or introduction of elafin-expressing lactic
acid bacteria, resulted in attenuation of symptoms in mouse models of colitis®. Treatment with a NE-selective
inhibitor also reduced colitis symptoms’.

Colonic mucosal biopsies from patients with IBD exhibit elevated NE expression compared to healthy con-
trols at both mRNA and protein levels®®. Because NE is expressed as an inactive zymogen and can be tightly
controlled by endogenous inhibitors once activated, measures of mRNA or total protein expression rarely reflect
the pool of active functional enzyme'?. Thus, tools to measure the specific activity of NE are required.

Commercially available chromogenic and fluorogenic substrate probes, including AAPV-p-nitroanilide and
BODIPY-FL-elastin, respectively, have indicated an increase in elastase-like activity in biopsies from UC and CD
patients and in mouse models of IBD®”!12. However, these probes lack specificity and can be cleaved by multiple
proteases™!?. Because the probes do not bind directly to the proteases upon cleavage, it is difficult to estimate the
proportion of cleavage that is dependent on NE. Thus, improved tools are required to specifically measure NE
activation and to improve our understanding of its functions during IBD pathogenesis.

We previously applied a fluorescent activity-based probe (ABP) for NE, Cy5-V-DPP, to track NE activation
during colitis'®. This probe contained a sulfonated cyanine 5 (Cy5) fluorophore and a P1 valine residue coupled
to a diphenylphosphonate electrophile (DPP; ‘warhead’) that reacts with the active site serine of active NE in a
covalent, irreversible manner (Fig. 1). While Cy5-V-DPP efficiently labeled recombinant NE and NE in cells with
high expression (e.g., bone marrow), we had little success in detecting NE activity in colitis tissues, presumably
due to a lack of sensitivity. Use of hybrid combinatorial substrate libraries allowed for optimization of the NE
substrate recognition sequence, which was coupled to Cy5 and the DPP warhead to generate the ABP, PK105'7.
While PK105 has been extensively characterized in purified neutrophils, its efficacy and specificity for NE in more
complex tissue lysates has not been explored until now.

Herein, we characterized the reactivity profile of PK105b, an analogue of PK105, and explored its efficacy in
complex tissue lysates. We applied PK105b in a mouse model of acute colitis and in human mucosal biopsies from
patients with IBD to clearly measure activation of NE in inflamed tissue.

Results

Selectivity and potency of PK105b against purified serine proteases. We synthesized an analogue
of our previously published PK105 probe'®, referred to as PK105b, in which the polyethylene glycol (PEG) linker
was omitted and sulfoCy5 was used in place of the unsulfonated version (Fig. 1). This change allowed for a more
direct comparison to our Cy5-V-DPP probe!?, which included sulfoCy5 and no PEG. The only difference between
the two probes compared in this study is the specificity region: Cy5-V-DPP contains a single P1 valine residue,
while PK105b contains a tetrapeptide consisting of non-natural amino acids (Nle(OBzl)-Met(O)2-Oic-Abu)
(Fig. 1).

We tested the reactivity of the PK105b against recombinant serine proteases, and compared its potency with
Cy5-V-DPP. After incubation of proteases with increasing concentrations of probes for 30 minutes, the proteins
were resolved by SDS-PAGE and binding was detected by in-gel fluorescence. Both probes clearly labeled NE
and PR-3 in a concentration-dependent manner (Fig. 2A), though PK105b was more potent than Cy5-V-DPP.
PK105b also clearly labeled trypsin, another serine protease, while trypsin binding by Cy5-V-DPP was negligible
(Fig. 2A).

Using a commercially available fluorogenic substrate probe, AAPV-AMC, we compared the ability of the two
probes to inhibit recombinant NE. Like Sivelestat, a commonly used NE inhibitor, PK105b immediately inhibited
rNE activity at 0.1 uM while Cy5-V-DPP only partially inhibited rNE activity at 1 and 10 uM (Fig. 2B). These
results indicate that PK105b binds to rNE more rapidly and more potently than Cy5-V-DPP. As Cy5-V-DPP and
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Figure 2. Comparison of selectivity profile for PK105b and Cy5-V-DPP. (A) Recombinant serine proteases
(neutrophil elastase, proteinase 3, or trypsin) were incubated with increasing concentrations of Cy5-V-DPP or
PK105b and binding was assessed by in-gel fluorescence. (B) Kinetic measurements of recombinant neutrophil
elastase activity using the fluorogenic substrate probe, AAPV-AMC in the presence of DMSO (vehicle control)
or the indicated concentration of PK105b, Cy5-V-DPP or Sivelestat. Error bars are shown as mean + SEM.
(C,E) Lysates from mouse bone marrow or pancreas were incubated with increasing concentrations of Cy5-
V-DPP or PK105b and binding was assessed by in-gel fluorescence. (D,F) PK105b-labeled lysates were
immunoprecipitated with antibodies for neutrophil elastase, pancreatic elastase (PE) or trypsin 3 (Try3), as
indicated. In (F), gain settings for pulldowns were enhanced in order to observe faint bands (right panel). Note:
Cy5-V-DPP and PK105b labeling are depicted at equal gain settings, set independently for each sample type.

PK105b have identical DPP warheads, linkers, and sulfoCy5 fluorophores, we can attribute the improved potency
and kinetics of PK105b to its extended non-natural specificity region, which likely fits better within the NE active
site than valine alone.

Selectivity and potency of PK105b in normal tissue lysates. We compared the ability of PK105b
and Cy5-V-DPP to detect protease activity in lysates prepared from mouse bone marrow. Two proteases were
labeled by PK105b (Fig. 2C), and the 25-kDa protein was confirmed to be NE by immunoprecipitation with an
NE-specific antibody (Fig. 2D). NE was specifically labeled by Cy5-V-DPP, but with a much lower potency than
PK105b. We also examined the reactivity of the probes in lysates prepared from mouse pancreas, a tissue rich in
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serine proteases. With PK105b, we observed strong labeling of 25-kDa proteins that was much more apparent
than labeling by Cy5-V-DPP (Fig. 2E). Immunoprecipitation of PK105b-labeled lysates revealed that the target
proteases consisted of a combination of NE, pancreatic elastase (PE), and trypsin 3 (Try3, also known as PRSS3
or mesotrypsin; Fig. 2F). Thus, PK105b exhibits a dramatic improvement in labeling efficiency in protein lysates
over Cy5-V-DPP. In addition to the improved binding kinetics demonstrated above, the improved labeling profile
of PK105b may also be due in part to enhanced stability of the compound afforded by the non-natural specificity
region, which may be less prone to degradation than Cy5-V-DPP.

Validation of PK105b in inflamed tissues. To determine the effectiveness of PK105b to measure NE
activation in inflamed tissues, we used a mouse model of Legionella pneumophila infection. L. pneumophila infec-
tion may result in Legionnaire’s disease, a common cause of community or hospital-acquired pneumonia, and is
associated with high neutrophil infiltration in the lung'®!°. PK105b labeling was significantly increased in lysates
prepared from infected lung tissues compared to uninfected lungs (Fig. 3A,C). The identity of the major 25-kDa
species was confirmed to be NE by immunoblotting (Fig. 3B,D,E) and immunoprecipitation (Fig. 3F) with an
NE-specific antibody. We also confirmed that PK105b binding was mediated by the DPP warhead and the speci-
ficity region, as the labelling could be competed by pre-treatment with PK101'*!5, a biotinylated (non-fluorescent)
analogue of PK105 (Fig. 3G). As neutrophils are the predominant source of NE during L. pneumophila infection,
we also examined PK105b labelling in neutrophils from infected-lungs, which were sorted by flow cytometry at
>97% purity (Fig. S1). Within this population of cells, we observed specific labeling of NE by PK105b (Fig. 3H).

We next determined the utility of PK105b to detect NE activation in a cancer setting, which is also rich in
neutrophils?*-?2, Specifically, we utilized a mouse orthotopic xenograft model of oral squamous cell carcinoma
in which human cancer cells (HSC-3) were injected into the tongue®. In this context, we observed clear labeling
of a 25-KDa species in tumor tissues, but not normal tongue tissues (Fig. 4A,C). This species coincided with
the size of mature NE as determined by immunoblot (Fig. 4B,D,E) and immunoprecipitation (Fig. 4F) with an
NE-specific antibody. Several other high-molecular weight species were abundantly labeled by PK105b in these
lysates (Fig. 4A), but they have not yet been identified. Nonetheless, they are likely to be binding to PK105b
through the DPP and specificity region, and not Cy5, as binding could largely be competed with PK101, the
non-fluorescent PK105 analogue (Fig. 4G).

Application of PK105b to measure NE activation in experimental colitis. Having validated
PK105b in inflamed mouse tissues, we next applied this probe to investigate NE activation during acute exper-
imental colitis induced by trinitrobenzenesulfonate (TNBS). As expected, mice exhibited loose stools, delayed
defecation, weight loss (Fig. S2A), and colon shortening (Fig. S2B). We also observed damage to the mucosa by
histological evaluation, as well as edema and inflammatory infiltrate (Fig. S2C). We analyzed colon lysates for
NE activation by PK105b labeling and measurement of in-gel fluorescence. In proximal colons from healthy and
inflamed mice, we observed little PK105b labeling. By contrast, in the distal region of inflamed colons, which
is most affected in the TNBS model, we observed clear labeling of a 25-kDa protein (Fig. 5A). This band was
virtually absent in distal colons of healthy mice that received vehicle instead of TNBS (Fig. 5A). We confirmed
the identity of the protease to be NE by immunoprecipitation with an NE-specific antibody (Fig. 5D). All of the
PK105b bands could be competed by PK101, the non-fluorescent PK105 analogue (Fig. 5E).

We also transferred the fluorescent gels to nitrocellulose membranes in order to immunoblot the samples
for total NE expression. In all proximal colons and in healthy distal colons, we observed bands at 37 and 25kDa
(Fig. 5B). In the TNBS-treated distal colons, a new band appeared just below the 25-kDa protein. Only the lower
species was labeled by PK105b, as revealed by overlay of the Cy5 fluorescence (Fig. 5C) and immunoprecipitation
(Fig. 5D). To verify that the appearance of this smaller NE species was not an artefact of probe labeling, we immu-
noblotted inflamed distal colon samples in the presence and absence of PK105b. The smaller species was detected
regardless of the presence of PK105b (Fig. 5F). Taken together, these data suggest that NE is subject to trimming
in inflamed regions of the colon that permits its activation and thus its reaction with the PK105b probe.

For comparison, we also tested our previous NE probe, Cy5-V-DPP, in distal colon lysates and labeling of
the 25-kDa species was barely distinguishable from the background (Fig. 5G). Thus, PK105b is clearly supe-
rior to Cy5-V-DPP for its ability to detect NE activity in tissue lysates. Both probes exhibit binding to several
species in the 50-75-kDa range (Fig. 5A), and future proteomics assays will be required to determine their
identity. Furthermore, we investigated secreted proteases found in the lumen of the colon (either luminal
flush or in fecal pellets) with PK105b (Fig. 6A). In both samples, we observed two labeled proteases at 25 kDa.
Immunoprecipitation confirmed low levels of NE in these samples, with pancreatic elastase and trypsin 3 being
the predominant species (Fig. 6C). Nonetheless, NE activity could be clearly delineated by PK105b in lysates from
colon tissues.

Application of PK105b to measure NE activation in mucosal biopsies from IBD patients. To
translate our findings in mouse colitis to human disease, we examined PK105b labeling in mucosal biopsies
from patients (Table 1). As in mice, we observed a significant increase in labeling in samples from patients with
active UC compared to healthy individuals brought in for routine colonoscopy screening (Fig. 7A,D). In contrast
to mice, where we observed a single 25-kDa species at labeled by PK105b, three species were labeled in human
mucosal lysates, with the smallest form having the most activity. The banding pattern resembled that which was
observed with recombinant human NE (Fig. 2A and in refs**?*). We confirmed these bands to be NE by immuno-
precipitation with an NE-specific antibody (Fig. 7G), and they could be competed with PK101 (Fig. 7H).
Furthermore, when the same samples were immunoblotted for total NE expression, we observed NE bands
in the healthy tissue at 37 and 25 kDa (Fig. 7B). UC tissues, however, displayed an additional doublet that was
smaller than the 25-kDa species. The most active species, as indicated by PK105b labeling, corresponded to these
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Figure 3. Detection of NE activity in L. pneumophila-infected lung tissue. (A) Lysates prepared from
uninfected or L. pneumophila-infected lungs were labeled with 1 uM PK105b and analyzed by in-gel
fluorescence (n=3-5). *Indicates high-molecular weight species of unknown identity. (B) Total NE expression
in the samples in (A) was measured by immunoblotting with an NE-specific antibody. (C,D) Densitometry
analysis of active NE in (A) and total mature NE in (B), respectively. (E) Ratios of active to total mature NE

in the samples. (F) Labeling of NE by PK105b in infected lung tissue was confirmed by immunoprecipitation
with an NE-specific antibody. (G) Competetion of PK105b labeling in an infected lung lysate with PK101. (H)
PK105b labeling in neutrophils isolated from infected lung tissue, as analyzed by in-gel fluorescence (refer to
Fig. S1 for sorting strategy). Error bars are shown as mean &= SEM.

smaller species (Fig. 7C,G). Thus, as we observed in mouse colitis, NE undergoes trimming during human UC
that permits its activation and binding to PK105b.

Patient #13 was originally diagnosed with UC and we initially considered this biopsy to be an outlier given
the low levels of NE activation. Upon follow-up studies, however, this diagnosis was re-evaluated and the patient
was found to have an ileal stricture. The biopsies analyzed in this study were taken from normal tissue regions.
These data therefore highlight the potential utility of using NE activity as a diagnostic marker for ulcerative colitis.
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Figure 4. Detection of NE activity in oral cancer tissues. (A) Lysates prepared from normal mouse tongues

or HSC-3 oral cancer tissues were labeled with 1 uM PK105b and analyzed by in-gel fluorescence (n =3-5).
*Indicates high-molecular weight species of unknown identity. (B) Total NE expression in the samples in (A)
was measured by immunoblotting with an NE-specific antibody. (C,D) Densitometry analysis of active NE in
(A) and total mature NE in (B), respectively. (E) Ratio of active to total mature NE in the samples. Error bars are
shown as mean & SEM. (F) NE labelling in cancer tissue was confirmed by immunoprecipitation with an NE-
specific antibody. (G) Competition of PK105b labeling in oral cancer tissue lysate with PK101.

Discussion

While PK105 was selective for NE in purified neutrophils, its ability to label NE in tissue lysates, which contain
many cell types and proteases, had not been established. We tested PK105b, a close analogue of PK105, in bone
marrow, pancreas, inflamed lungs, oral cancer, and human and mouse colitis tissues and fecal samples. Due to
the covalent nature of PK105b, we could verify that NE was clearly targeted by this probe. We also observed that
PK105b exhibited cross-reactivity with other serine proteases such as pancreatic elastase, proteinase-3, trypsin 3
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Figure 5. Application of PK105b to measure NE activation in acute experimental colitis. (A) Distal or proximal
colons were excised from mice with acute colitis induced by TNBS and labeled ex vivo with 1 uM PK105b. Probe
binding was detected by in-gel fluorescence (n=3-5). *Indicates high-molecular weight species of unknown
identity. (B) Immunoblotting of samples in (A) with an NE-specific antibody to reveal total NE expression.

(C) Merged image of PK105b labeling (active NE; magenta) and immunoblot (total NE expression; green).

(D) Immunoprecipitation of PK105b-labeled inflamed distal colon lysate with a NE-specific antibody. (E)
Competition of PK105b labeling in inflamed distal colon lysates with PK101. (F) In-gel fluorescence and NE
immunoblot of distal colon lysates with or without PK105b labeling. (G) Distal colon lysates from A labeled
with Cy5-V-DPP.

and other unknown proteases. This cross-reactivity was dependent on the tissues examined, with greater selec-
tivity observed in purified lung neutrophils, lung tissue, and human colon biopsies and more cross-reactivity
in pancreas, fecal samples, and cancer tissue. We confirmed that all PK105b binding was mediated by the DPP
warhead in combination with the specificity region, and not due to non-specific binding via the Cy5 fluorophore,
as all labeling could be blocked by pre-treatment with PK101, a non-fluorescent analogue of PK105.
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Figure 6. Luminal protease activity in acute experimental colitis. (A,B) Labeling of luminal fluids or fecal
pellets from control or TNBS-treated mice with PK105b. (C) Immunoprecipitation of PK105b-labeled fecal
samples with NE, PE, or trypsin 3-specific antibodies. Gain settings for the pulldowns were enhanced in order
to observe faint bands (right panel).

While PK105b clearly has limitations, it is advantageous over traditional substrate probes such as
AAPV-p-nitroanilide and BODIPY-FL-elastin, as these tools do not bind their targets covalently and the extent
of their cross-reactivity in various contexts cannot readily be determined. Additionally, PK105b was advanta-
geous over our previous diphenylphosphonate probe, Cy5-V-DPP'. In competition assays with the fluorogenic
substrate, AAPV-AMC, PK105b reacted with rNE much more rapidly and potently than Cy5-V-DPP. This is most
likely mediated by the improved non-natural specificity region in PK105b, which may bind more tightly within
the NE active site. PK105b may also have enhanced sensitivity in tissue lysates due to increased stability, as its
non-natural peptide sequence may be more resistant to degradation by other proteases than valine. PK105b is
therefore one of the most effective tools available to study NE activation.

We applied PK105b to investigate NE activation during mouse colitis. In inflamed colons, we observed labe-
ling of active NE, which was significantly increased compared to control tissue. Probe-labeled NE corresponded
to the most mature species of NE detected by immunoblotting, which was not present in healthy tissue. We cor-
roborated these findings in human colitis using mucosal biopsies from patients with UC, unequivocally demon-
strating for the first time that NE is activated in IBD. Thus, PK105b is well suited for detection of both mouse
and human NE during IBD and will be a valuable resource for future investigation of NE function. Furthermore,
it may have utility as a diagnostic agent for IBD and for validating target engagement and efficacy of neutrophil
elastase inhibitors in preclinical development as therapeutic agents.

Experimental Procedures
Probe synthesis and characterization. Refer to Supplemental Materials for information on the synthesis
of PK105b. Cy5-V-DPP" and PK101' were synthesized in house as described previously.

Recombinant protease labeling. Recombinant proteases (500 ng) were diluted in 20 ul of
phosphate-buffered saline (PBS): human neutrophil elastase (Elastin Products Company), porcine pancreatic
trypsin type II-S (beta trypsin; Sigma), and human proteinase-3 (Sigma). PK105b or Cy5-V-DPP (0, 0.1, 0.5 or
1 uM) was added from a 100x DMSO stock, and reaction was carried out at 37 °C for 30 minutes. Proteins were
solubilized in 4x sample buffer (40% glycerol, 200 mM Tris-Cl [pH 6.8], 8% SDS, 0.04% bromophenol blue, 5%
beta-mercaptoethanol), boiled and resolved on a 15% SDS-PAGE gel under reducing conditions. Probe labeling
was detected by scanning the gel for Cy5 fluorescence on a Typhoon 5 flatbed laser scanner (GE Healthcare).
Detailed protocols for ABP application are available in ref.?°.
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Pt# | Symptoms Medication Pathology Endoscopy

1 none none normal tissue none

2 none none normal tissue none

3 none none normal tissue none

4 none none normal tissue none

5 flare-up, 15-20 bm/d Steroids, biologic | chronic inflammation, severe activity pancolitis, Mayo 3 distal, 2 proximal

chronic inflammation, moderate to severe

6 flare-up, 10 bm/d none activity pancolitis, Mayo 2

7 chronic active, 4 bm/d none chronic inflammation, mild activity proctitis, Mayo 1

8 chronic active, 2-3bm/d | 5-ASA chronic inflammation, marked activity pancolitis, Mayo 3 distal, 2 proximal
9 new onset, 6-8 bm/d none chronic inflammation, moderate activity | pancolitis, Mayo 2

10 | chronic active, 12 bm/d* gifgf enema, chronic inflammation, mild activity proctitis, Mayo 2

11 flare-up, 6-8 bm/d Imuran acute, chronic inflammation, deep ulcers | ileocolitis, deep ulcers

12 flare-up, 4-5 bm/d 5-ASA chronic inflammation, severe activity colitis

normal tissue; chronic stricture with no

13 flare-up, pain, +2 bm/d 5-ASA active inflammation

ileal stricture, blind biopsies

14 | flare-up, 2-5 bm/day none chronic inflammation, moderate activity | pancolitis, Mayo 1-2

Table 1. Profiles of patients from which mucosal biopsies were collected. 5-ASA = 5 aminosalicylic acid;
*mucous, but infrequent stool; **suspected flare up initially but with further imaging dx. with chronic stricture
with no active inflammation; bm =bowel movement, most were bloody.

Fluorogenic substrate assay. Recombinant neutrophil elastase (20 nM) was diluted in PBS, and
MeOSuc-Ala-Ala-Pro-Val-AMC (AAPV-AMC; 20 uM; Bachem) was diluted in PBS containing PK105b (0.2 uM),
Cy5-V-DPP (2 or 20 uM), sivelestat (2 uM; Sigma) or 2% DMSO (vehicle control). The two solutions were
mixed 1:1 in an opaque 96-well plate (100 ul final volume), and probe-dependent fluorescence (355 nm excita-
tion/460 nm emission) was immediately measured at 30s intervals over the course of 1 h on a FLUOstar Omega
plate reader (BMG Labtech).

Animal ethics.  All animal experiments were conducted in accordance with the guidelines for the use of lab-
oratory animals in research and approved protocols. Experiments involving healthy mice and colitis experiments
were approved by the Monash University Animal Ethics Committee. Oral cancer experiments were approved
by the Committee on Animal Research at New York University. Legionella experiments were approved by the
University of Melbourne Animal Ethics Committee.

Ex vivo tissue labeling. Bone marrow was obtained by flushing tibias and femurs from healthy C57BL/6]
mice with PBS. Cells were washed and resuspended in PBS prior to sonication on ice. Tissues were lysed by son-
ication on ice in PBS (10 ul/mg tissue), and supernatants were cleared by centrifugation at 21,000 g for 10 min at
4°C. Total protein (60 ug, as measured by BCA assay, Pierce) was aliquoted in a total volume of 20 ul PBS, and
probe labeling and SDS-PAGE was carried out as above. Where indicated, PK101 (10 uM) was added for 10 min-
utes prior to the addition of PK105b.

Western blotting. Fluorescent gels were transferred to nitrocellulose membranes and blotted using the
Turbo Blot system (BioRad). Membranes were blocked using Li-Cor Odyssey blocking buffer diluted by 50%
with PBS containing 0.05% Tween 20. Sheep anti-mouse neutrophil elastase/ELA2 (1:1000; R&D AF4517) was
incubated overnight at 4 °C. Secondary antibody (goat-IR800, 1:5000; LiCor) was incubated for one hour at room
temperature. Binding was detected by scanning with the IRLong filter on the Typhoon 5.

Immunoprecipitation. PK105b-labeled lysates (boiled in sample buffer) were divided into input and immu-
noprecipitation (IP) samples (100 ug each). The IP samples were diluted in 500 ul IP buffer (PBS [pH 7.4], 1 mM
EDTA, 0.5% NP-40) along with 10 ul antibody: Sheep anti-neutrophil elastase/ELA2 (R&D AF4517); rabbit
anti-PRSS3 (Abcam ab105123); rabbit anti-pancreatic elastase (Abcam ab21593). Protein A/G beads (40 ul slurry;
Santa Cruz) were washed with IP buffer and then added to the sample. Tubes were rocked overnight at 4°C. Beads
were washed four times with IP buffer and once with 0.9% sodium chloride. After the last wash, all buffer was
removed and beads were boiled in 2x sample buffer (20 ul). Supernatants were then analyzed, alongside the input
sample, by fluorescent SDS-PAGE as above.

Legionella pneumophila infection model.  C57BL/6 mice were infected by intranasal inoculation with
2.5 x 10° L. pneumophila 130b AflaA in 50 uL of PBS. Three days after infection, lungs were collected, minced
and digested in 4 mL RPMI-1640 (Gibco) containing 3% FCS, 1 mg/mL DNasel (Sigma-Aldrich) and 1 mg/mL
Collagenase III (Worthington). Cells were collected by filtration through a 70-uM filter, centrifuged and red blood
cells lysed by resuspension in buffer containing 150 mM ammonium chloride and 50 mM Tris-HCI (pH 7.5) for
5min. After washing with PBS containing 0.1% BSA and 2 mM EDTA, cells were stained with anti-Ly6G-FITC
(1A8, BD Pharmingen), anti-CD11c-PE (N418, eBioscience), anti-Siglec-F-BV421 (E50-2440, BD Horizon),
anti-CD64-Alexa 647 (X54-5/7.1, BD Pharmingen) and anti-FenII/III (2.4G2, WEHI monoclonal facility) for
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Figure 7. Application of PK105b to measure NE activation in mucosal biopsies from patients with IBD. (A)
Mucosal biopsies from healthy controls (n=>5) or patients with active UC (n=9) were labeled ex vivo with 1 pM
PK105b. Probe binding was assessed by in-gel fluorescence. (B) Samples in (A) were immunoblotted for total NE
expression. (C) Merged image of PK105b labeling (active NE; magenta) and immunoblot (total NE expression;
green). (D,E) Densitometry of active NE in (A) and total mature NE in (B), respectively. (F) Ratio of active to
total mature NE in the biopsy lysates. Error bars are shown as mean + SEM. (G) Immunoprecipitation of PK105b-
labeled UC biopsy lysates with an NE-specific antibody. Gain settings for pulldown were enhanced in order to
view faint bands (right panel). (H) Competition of PK105b labeling in inflamed colon lysates with PK101.

30min at 4°C. Cells were washed and resuspended in FACS buffer with 0.25g/mL 7-AAD. Neutrophils were
isolated using a Beckman Coulter MoFlo Astrios cell sorter into FCS and pellets of 10° cells snap frozen at —80°C.
Purities were assessed post-sorting using the same gating strategy. Purified neutrophils were lysed on ice in PBS
with 0.1% Triton X-100, and supernatants were cleared by centrifugation. Alternatively, lung tissues from the
same mice were snap frozen at the time of harvest and processed as above.
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Oral cancer model. Female BALB/c nude mice (6-8 weeks old, Charles River Laboratories) were injected
in the left lateral tongue under anesthesia (3 x 10° HSC-3 human oral squamous cell carcinoma cells suspended
in 50 ul vehicle [1:2 mixture of DMEM and Matrigel; Becton Dickinson], or vehicle alone). After two weeks, the
resulting xenografted tumors and vehicle-injected tongues were excised, snap frozen, and analyzed as above.

Colitis model. Mice were purchased from the Monash University in-house colony. Colitis was
induced in 10-week old male C57BL/6] mice by intracolonic infusion of picrylsulfonic acid solution
(2,4,6-Trinitrobenzenesulfonic acid solution, TNBS; Sigma; 2.5 mg dissolved in 50% ethanol). Body weight and
symptoms were recorded daily, and mice were humanely killed after three days. Upon colon extraction, luminal
fluids were collected by flushing colons with PBS. Solids were removed by centrifugation and supernatant was
concentrated using a 3-kDa cut-off centrifugal filter (Amgen). Pieces of proximal and distal colon were frozen
for protease analysis or fixed in 4% paraformaldehyde overnight, paraffin embedded, sectioned, and stained with
haematoxylin and eosin.

Human mucosal biopsies. Human mucosal biopsies were obtained from individuals during colonoscopy
procedures at Hotel Dieu Hospital in Kingston, Ontario, Canada. Informed written and verbal consent was
obtained prior to enrolment and all protocols were approved by and carried out in accordance with the guidelines
and regulations of the Queen’s University Human Ethics Committee. Patients were well-characterized individuals
with active UC or healthy individuals undergoing routine colonoscopy for cancer screening (Table 1). For UC
patients, biopsies were obtained from sites of active inflammation. Fresh biopsies were washed in PBS and then
snap frozen for protease analysis as above.

Statistical analysis. All experiments were performed with at least three biological replicates. Data are
reported as means £ SEM. Statistical significance was determined by comparing two groups using a Student’s t
test, and p values of less than 0.05 were considered significant.

Data Availability
All data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).

References
1. Korkmaz, B., Horwitz, M. S., Jenne, D. E. & Gauthier, F. Neutrophil elastase, proteinase 3, and cathepsin G as therapeutic targets in
human diseases. Pharmacol. Rev. 62, 726-759 (2010).
2. Zhao, P. et al. Neutrophil Elastase Activates Protease-activated Receptor-2 (PAR2) and Transient Receptor Potential Vanilloid 4
(TRPV4) to Cause Inflammation and Pain. J. Biol. Chem. 290, 13875-13887 (2015).
3. Lieu, T. et al. Antagonism of the proinflammatory and pronociceptive actions of canonical and biased agonists of protease-activated
receptor-2. Brit. J. Pharmacol. 173, 2752-2765 (2016).
4. Jimenez-Vargas, N. N. et al. Protease-activated receptor-2 in endosomes signals persistent pain of irritable bowel syndrome. Proc.
Nat. Acad. Sci. 115, E7438-E7447 (2018).
5. Edgington-Mitchell, L. E. Pathophysiological roles of proteases in gastrointestinal disease. Am. J. Physiol. Gastrointest. Liver Physiol.
310, G234-239 (2015).
6. Motta, ]. P. et al. Modifying the Protease, Antiprotease Pattern by Elafin Overexpression Protects Mice From Colitis. Gastroenterol.
140, 1272-1282 (2011).
7. Morohoshi, Y. et al. Inhibition of neutrophil elastase prevents the development of murine dextran sulfate sodium-induced colitis. J.
Gastroenterol. 41, 318-324 (2006).
8. Uchiyama, K. et al. Serpin B1 protects colonic epithelial cell via blockage of neutrophil elastase activity and its expression is
enhanced in patients with ulcerative colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 302, G1163-G1170 (2012).
9. Kuno, Y. et al. Possible involvement of neutrophil elastase in impaired mucosal repair in patients with ulcerative colitis. /.
Gastroenterol. 37,22-32 (2002).
10. Edgington, L. E., Verdoes, M. & Bogyo, M. Functional imaging of proteases: recent advances in the design and application of
substrate-based and activity-based probes. Cur. Op. Chem. Biol. 15,798-805 (2011).
11. Gecse, K. et al. Increased faecal serine protease activity in diarrhoeic IBS patients: a colonic lumenal factor impairing colonic
permeability and sensitivity. Gut 57, 591-599 (2008).
12. Motta, J. P. et al. Food-Grade Bacteria Expressing Elafin Protect Against Inflammation and Restore Colon Homeostasis. Sci. Translat.
Med. 4, 158ral44 (2012).
13. Edgington-Mitchell, L. E. et al. Fluorescent diphenylphosphonate-based probes for detection of serine protease activity during
inflammation. Bioorg. Med. Chem. Lett. 27, 254-260 (2017).
14. Kasperkiewicz, P. et al. Design of ultrasensitive probes for human neutrophil elastase through hybrid combinatorial substrate library
profiling. Proc. Nat. Acad. Sci. 111, 2518-2523 (2014).
15. Lechtenberg, B. C., Kasperkiewicz, P., Robinson, H., Drag, M. & Riedl, S. J. The Elastase-PK101 Structure: Mechanism of an
Ultrasensitive Activity-based Probe Revealed. ACS Chem. Biol. 10, 945-951 (2015).
16. Kasperkiewicz, P.,, Altman, Y., D’Angelo, M., Salvesen, G. S. & Drag, M. Toolbox of Fluorescent Probes for Parallel Imaging Reveals
Uneven Location of Serine Proteases in Neutrophils. . Am. Chem. Soc. 139, 10115-10125 (2017).
17. Kasperkiewicz, P, Poreba, M., Groborz, K. & Drag, M. Emerging challenges in the design of selective protease substrates, inhibitors
and activity-based probes for indistinguishable proteases. FEBS J. 284, 1518-1539 (2017).
18. Brown, A. S. et al. Cooperation between Monocyte-Derived Cells and Lymphoid Cells in the Acute Response to a Bacterial Lung
Pathogen. PLoS Pathog. 12, e1005691-20 (2016).
19. Brown, A. S, Yang, C., Hartland, E. L. & van Driel, I. R. The regulation of acute immune responses to the bacterial lung pathogen
Legionella pneumophila. J. Leukocyte Biol. 101, 875-886 (2017).
20. Lerman, I. & Hammes, S. R. Neutrophil elastase in the tumor microenvironment. Steroids 133, 96-101 (2018).
21. Kistowski, M. et al. A Strong Neutrophil Elastase Proteolytic Fingerprint Marks the Carcinoma Tumor Proteome. Mol. Cell
Proteomics 16,213-227 (2017).
22. Scheff, N. N. et al. Tumor necrosis factor alpha secreted from oral squamous cell carcinoma contributes to cancer pain and associated
inflammation. Pain 158, 2396-2409 (2017).

SCIENTIFIC REPORTS |

(2019) 9:13295 | https://doi.org/10.1038/s41598-019-49840-4


https://doi.org/10.1038/s41598-019-49840-4

www.nature.com/scientificreports/

23. Lam, D. K., Dang, D., Zhang, J., Dolan, J. C. & Schmidt, B. L. Novel Animal Models of Acute and Chronic Cancer Pain: A Pivotal
Role for PAR2. J. Neurosci. 32, 14178-14183 (2012).

24. Dau, T., Sarker, R. S. ], Yildirim, A. O., Eickelberg, O. & Jenne, D. E. Autoprocessing of neutrophil elastase near its active site reduces
the efficiency of natural and synthetic elastase inhibitors. Nat. Comm. 6, 1-8 (2015).

25. Schulz-Fincke, A.-C., Blaut, M., Braune, A. & Giitschow, M. A BODIPY-Tagged Phosphono Peptide as Activity-Based Probe for
Human Leukocyte Elastase. ACS Med. Chem. Lett. 9, 345-350 (2018).

26. Edgington, L. E. & Bogyo, M. In vivo imaging and biochemical characterization of protease function using fluorescent activity-based
probes. Curr. Protoc. Chem. Biol. 5,25-44 (2013).

Acknowledgements

We thank Cameron Nowell for maintaining the imaging facilities at the Monash Institute of Pharmaceutical
Sciences, the Melbourne Histology Platform, and The Peter Doherty Institute ImmunoID flow cytometry
facility. L.E.M. was supported by an Early Career Fellowship from the National Health and Medical Research
Council of Australia (NHMRC, GNT1091636), a Grimwade Fellowship from the Russell and Mab Grimwade
Miegunyah Fund at The University of Melbourne, a DECRA Fellowship from the Australian Research Council
(ARC, DE180100418) and seed grants from Monash University. N.W.B. was supported by grants from the
National Institutes of Health (NS102722, DE026806, DK118971) and the United States Department of Defense
(W81XWH1810431). L.R.vD., G.Z.N., and M.E were supported by NHMRC grants (GNT1145244). M.F. was
also supported by a fellowship by the German Research Council (DFG GRK 2168) and a Graduate Research
Scholarship from The University of Melbourne. The content is solely the responsibility of the authors and does
not necessarily represent the official views of the National Institutes of Health.

Author Contributions

L.E.M. conceived study, planned all experiments, analyzed data, contributed funding, coordinated all
collaborators, and wrote the manuscript. PK. and M.D. produced the PK105 probe and contributed intermediates
towards the synthesis of PK105b, which was made by L.A. B.M.A. obtained the biological data. G.Z.N., M.E, and
LR.v.D. provided samples for the L. pneumophila experiments. B.L.S. provided the oral cancer tissues. D.P.P. and
N.B. contributed funding and intellectual input. S.V. and C.M. provided the human mucosal biopsies.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49840-4.

Competing Interests: N.W.B. is a founding scientist of Endosome Therapeutics Inc. Research in N.W.B. and
DP’s laboratories is supported in part by Takeda Pharmaceuticals, Inc.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:13295 | https://doi.org/10.1038/s41598-019-49840-4


https://doi.org/10.1038/s41598-019-49840-4
https://doi.org/10.1038/s41598-019-49840-4
http://creativecommons.org/licenses/by/4.0/

	Application of a chemical probe to detect neutrophil elastase activation during inflammatory bowel disease

	Results

	Selectivity and potency of PK105b against purified serine proteases. 
	Selectivity and potency of PK105b in normal tissue lysates. 
	Validation of PK105b in inflamed tissues. 
	Application of PK105b to measure NE activation in experimental colitis. 
	Application of PK105b to measure NE activation in mucosal biopsies from IBD patients. 

	Discussion

	Experimental Procedures

	Probe synthesis and characterization. 
	Recombinant protease labeling. 
	Fluorogenic substrate assay. 
	Animal ethics. 
	Ex vivo tissue labeling. 
	Western blotting. 
	Immunoprecipitation. 
	Legionella pneumophila infection model. 
	Oral cancer model. 
	Colitis model. 
	Human mucosal biopsies. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Structures of PK10516, PK105b, and Cy5-V-DPP13.
	Figure 2 Comparison of selectivity profile for PK105b and Cy5-V-DPP.
	Figure 3 Detection of NE activity in L.
	Figure 4 Detection of NE activity in oral cancer tissues.
	Figure 5 Application of PK105b to measure NE activation in acute experimental colitis.
	Figure 6 Luminal protease activity in acute experimental colitis.
	Figure 7 Application of PK105b to measure NE activation in mucosal biopsies from patients with IBD.
	Table 1 Profiles of patients from which mucosal biopsies were collected.




