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Abstract \
Neuropathic pain is an integral component of several chronic pain conditions and poses a major health problem worldwide. Despite

emerging understanding of mechanisms behind neuropathic pain, the available treatment options are still limited in efficacy or
associated with side effects, therefore making it necessary to find viable alternatives. In a genetic screen, we recently identified
SerpinA3N, a serine protease inhibitor secreted in response to nerve damage by the dorsal root ganglion neurons and we showed
that SerpinA3N acts against induction of neuropathic pain by inhibiting the T-cell- and neutrophil-derived protease, leucocyte
elastase (LE). In the current study, via detailed in vivo pharmacology combined with analyses of evoked- and spontaneous pain-
related behaviors in mice, we report that on systemic delivery, a single dose of 3 independent LE inhibitors can block established
nociceptive hypersensitivity in early and late phases in the spared nerve injury model of traumatic neuropathic pain in mice. We
further report the strong efficacy of systemic LE inhibitors in reversing ongoing pain in 2 other clinically relevant mouse
models—painful diabetic neuropathy and cancer pain. Detailed immunohistochemical analyses on the peripheral tissue samples
revealed that both T-Lymphocytes and neutrophils are the sources of LE on peripheral nerve injury, whereas neutrophils are the
primary source of LE in diabetic neuropathic conditions. In summary, our results provide compelling evidence for a strong
therapeutic potential of generic LE inhibitors for the treatment of neuropathic pain and other chronic pain conditions harboring

a neuropathic pain component.
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1. Introduction

Despite the increasing burden of neuropathic pain on human
health and the economy,®*2¢ the understanding of its underlying
mechanisms is incomplete and available treatment options are
suboptimal.? Neuropathic pain is an integral component of several
other chronic pain conditions, such as cancer pain,'? diabetic
neuropathy,® pain caused by spinal cord injury, '® amongst others,
and requires novel therapeutic s’[rategies.50

Using a genome-wide screening approach in rodents, we
recently identified SerpinASN, a serine protease inhibitor of the
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serpin family secreted by sensory neurons upon nerve injury, to be
a key modulator of neuropathic hypersensitivity.*® We further
identified a protease, leukocyte elastase (LE), to be the key
substrate for SerpinA3N in the dorsal root ganglion (DRG) and we
reported that mice lacking LE show deficits in the generation of the
neuropathic pain.*® Upon screening a large set of different types of
neuronal and nonneuronal cell types, including diverse dlia, we
identified neutrophils and T-lymphocytes infiltrating into the
affected DRG to be the source of LE.*® Thus, our previous
analyses suggest that LE is a promising target in neuropathic pain.

However, a number of key questions pertaining to its potential
therapeutic relevance remained open. Efficacy was seen with
intrathecal delivery only over early phases of mechanical hyper-
sensitivity in the spared nerve injury (SNI) model.* It is unclear
about its systemic efficacy and whether this mechanism pertains to
established neuropathic pain, which is clinically more relevant.
Moreover, key pharmacological parameters, such as dose-
response relationships, efficacy studies, analyses of additional,
more specific inhibitors of LE, remain to be clarified. Importantly,
from the therapeutic point of view, it is important to clarify whether
mechanisms involving LE also contribute to the pathophysiology of
diverse types of chronic pain conditions involving a neuropathic
component or whether they are restricted to traumatic nerve injury.
Finally, given that recruitment of distinct classes of immune cells,
including T-cells and neutrophils, in diverse locations of the
somatosensory axis in neuropathic conditions has been
reported,® 10172534 it is important to address whether peripheral
avenues, which were not explored with respect to LE so far, also
contribute to the pathophysiology of neuropathic pain.
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Several small molecular weight inhibitors have been recently
developed to inhibit LE, which show efficacy in lung injury
associated symptoms, 1923293345 amongst which sivelestat is
approved for clinical usage in Japan and the Republic of Korea.?
However, none of them have been tested in the context of
neuropathic pain so far.

In the current study, we investigated the effect 3 independent LE
inhibitors administered systemically on established hypersensitivity in
early and late phases of neuropathic pain on peripheral nerve injury in
mice. We also investigated the effect of systemically administered LE
inhibitors on nociceptive hypersensitivity in cancer pain and diabetic
pain, which also involve neuropathic pain components, and
addressed clinically important spontaneous pain. Finally, we
addressed the sources of LE secretion in neuropathic pain
conditions in peripheral tissues in chronic pain models in mice.

2. Materials and methods
2.1. Animal experiments

All animal usage procedures were in accordance with ethical
guidelines laid down by the local governing body (Regierungsprasi-
dium Karlsruhe). All behavioral measurements were done in awake,
unrestrained, age-matched, more than 8 weeks old, male and
female C57/BI6 mice. Adult female Balb/c mice were used in
amodel of cancer-induced bone pain (CIBP). Mice were housed in
individually ventilated cages in groups under ambient humidity and
light conditions on a 12 hour-light-dark cycle with light commenc-
ing at 08:00 av and had ad libitum access to food and water.

2.2. Spared nerve injury

Spared nerve injury was performed as explained previously.™
Briefly, mice were anesthetized with 2% isoflurane and the sciatic
nerve and its 3 terminal branches (sural, common peroneal and
tibial nerves) were exposed via an incision made directly through
the biceps femoris muscle. The common peroneal and tibial
nerve were tightly ligated with 5.0 silk thread and sectioned distal
to the ligation, removing approximately 3 mm of the distal nerve
stump. These 2 nerves were subsequently cut and the sural nerve
was left intact. The mice were housed under standard conditions
in cages until behavioral experiments. For sham surgery, the
same procedure was following except the ligation part.

2.3. Cancer-induced bone pain

Cells of the murine osteolytic breast carcinoma cell line, 4T1-Luc
expressing the luciferase reporter gene and female Balb/c strain of
mice were used as described previously.”*' The condyles of the
left distal femur of the mouse were exposed following an
arthrotomy. A hole was then drilled to create space for the injection
needle. Using a 10-puL Hamilton syringe, 1.5 X 10° cells were
directly injected into the intermedullary space of the mouse femurin
a volume of 5 uL sterile 1X phosphate-buffered saline (PBS). The
injection hole was sealed with dental cement to prevent leakage of
the tumor cells. Different cohorts of mice were treated with
sivelestat (20 mg/kg body weight) or saline in a volume of 100 L
intraperitoneally at day 28 posttumor implantation (PID).

2.4. Streptozotocin model of type 1 diabetic
neuropathic pain

Diabetes was induced by administering 5 consequent dosages of
streptozotocin (STZ, SO0130 Sigma), dissolved in 0.05-M citrate
buffer, at the concentration of 60 mg/kg body weight
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intraperitoneally with 24 hours interval. Mice receiving an equal
volume of 0.05 M citrate buffer served as sham controls. Blood
glucose was monitored at regular intervals and appropriate units
of insulin are supplemented subcutaneously to keep the blood
glucose levels under control. Different cohorts of mice were
treated with sivelestat (20 mg/kg body weight) or saline in
a volume of 100 pL intraperitoneally at 8 W post-diabetes
induction.

2.5. Intraperitoneal delivery of drugs

Sivelestat (S7198, Sigma) and Elastatinal (sc-201,272, Santa
Cruz biotechnology) were dissolved in saline solution and injected
intraperitoneally (i.p.) at a required concentration in 100 L
volume. An equal volume of 1X PBS was injected as vehicle
control into a separate group of mice. SSR-69,071 (sc-203702,
Santa Cruz biotechnology or 2506, R and D systems) was
dissolved in 100% DMSO and injected i.p. at a required
concentration in 40 pL volume. An equal volume of 100% DMSO
was injected as vehicle control into a separate group of mice.

2.6. Behavioral analyses

In all behavioral tests, the experimenter was blinded to the identity
of the drug treatments that mice received.

2.7. Nociceptive tests

Responses to paw pressure were determined using von Frey
filaments as described previously.>*® Briefly, mice were accli-
matized to the testing environment for 1 hour per day for at least 2
days prior to the behavioral testing. Then mechanical sensitivity
was determined with a graded series of von Frey filaments of
0.02,0.04,0.07,0.16, 0.4, 0.6, 1, and 1.4 g strength. In the SNI
model, the stimuli were applied within the sural nerve territory
(lateral part of the hind paw). Each filament was tested 5 times in
increasing order starting with the filament producing the lowest
force. For baseline mechanical sensitivity test, all filaments were
applied and the number of withdrawals was recorded. With-
drawal frequency was calculated as a percentage of withdrawals
out of the total number of von Frey applications per filament. For
tactile allodynia, the minimal force filament for which animals
presented either a brisk paw withdrawal and/or an escape
attempt in response to at least 5 stimuli determined the
mechanical response threshold, which was defined as the
minimum pressure required for eliciting 60% of withdrawal
responses out of 5 stimulations and measured in grams (force
application).

For testing cold hypersensitivity, the cold plate test was
performed with a Hot-Cold Plate (Bioseb, Vitrolles, France) set at
4°C. The mice were placed on the cold plate for a maximum of 30
seconds and the latency until the first withdrawal response of the
injured hind paw was recorded.

In STZ model for type | diabetes, withdrawal latency to infrared
heat was measured before and at specified time points following
i.p. sivelestat injection according to the Hargreaves method using
a Plantar test apparatus (Ugo Basile Inc.).

2.8. Spontaneous pain behavior in cancer pain model

Spontaneous nocifensive behavior in the mice with cancer pain
was assessed as explained previously.283” Briefly, the mice were
placed on an open wire mesh bottom and were allowed to
habituate for 20 minutes. Following acclimatization, mice were
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video recorded and returned back to their cages. Time spent in
spontaneous pain-related behavior over the 5 minutes time was
recorded manually from the offline video records. Parameters
previously reported®® for counting nocifensive behavior were
included (1) spontaneous guarding (lifting the affected limb and
holding it against the body), (2) flinching, and (3) sporadic hopping
or limping (intermittent jumps without using the affected limb
while moving). Spontaneous nocifensive behavior was assessed
before and at 4 hours following i.p. sivelestat or vehicle injection
on day 28 following tumor cell implantation (PID18). The
experimenter was blinded to the experimental conditions of the
mice.

2.9. Voluntary wheel running

Animals were placed individually in cages containing a running
wheel and free access to food and water. We started this
measurement in the morning around 7 am for a total duration of 4
hours on both testing days. Unrestricted voluntary wheel running
activity was digitally recorded using the AWM counter (Lafayette
Instrument, LA), which uses an optical sensor to detect the total
revolutions of the wheel and is connected to a USB Interface and
PC running an AWM Software (Lafayette Instrument, LA).
Voluntary wheel running behavior was measured in mice before
SNl and day 8 following SNI. Mice were injected with vehicle ori.p.
sivelestat at 50 mg/kg body weight on day 8 before placing into
the wheel running cage.

2.10. Gait analysis

We performed the Catwalk test as described in detail pre-
viously®® using the CatWalk XT version 10.6 gait analysis system
(Noldus, Netherlands system). Briefly, mice were habituated to
the CatWalk setup and allowed to cross the ramp for 3 sessions.
On each testing day, animals were allowed to cross the corridor
voluntarily for 3 times and the average of 3 runs was counted as
1 reading. Using the llluminated footprints technology, paws are
captured by a high-speed video camera positioned underneath
the glass. The system enables an automatic footprint classifi-
cation, error correction, interactive footprint measurements,
and data segmentation profiling. The parameters analyzed in
this study include “Stand” representing the duration of the paw
contact to the surface during a run; “Pawprint area” represent-
ing the surface of the complete print of a paw; and “Maximal
contact area” representing the maximum intensity of the paw
during a run. We analyzed the mice before the SNI (basal
reading) and at 4 W following SNI. At 4 W, the mice were
analyzed before and after 4 hours following i.p. sivelestat at 50
mg/kg or vehicle injection.

2.11. Immunohistochemical and
immunofluorescence analysis

Anti-CD3 and anti-Gr1 staining were performed as previously
described in detail.*® Briefly, animals were perfused transcardially
with PBS followed by 4% paraformaldehyde (PFA). L3 and L4 DRG,
sciatic nerve and paws were collected. In the case of SNI, the sciatic
nerve was collected the site of ligation including approximately 1 cm
of the proximal part. Paw skin was taken out using a biopsy punch.
Tissues were postfixed for up to 16 hours in 4% PFA at 4°C. Spinal
cords, DRG, and paw skin were stored in 0.5% PFA at 4°C for up to
2 weeks and incubated in 30% sucrose solution overnight at 4°C for
cryostat sectioning. Tissue sections were cut at 20, 16, and 25 pm
for DRG, sciatic nerve, and paw skin, respectively.
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For the immunohistochemical staining using the PE/Cy7
antimouse Ly-6G/Ly-6C (Gr-1) antibody (1:2000; BiolLegend,
cat. no. 108,416), and for immunofluorescence staining using rat
monoclonal anti-CD3 (clone 17A2) antibody (1:100; BD Bio-
sciences, cat. no. 555,273), we followed the protocol described
in detail in our previous study.*® Images were captured using an
upright microscope (Nikon NiE, Nikon) equipped with Nikon Plan
Apo objective set and high-resolution CCD camera (Nikon DS-
Ri1, Nikon). Acquisition process was driven by NIS-Elements
software 4.1 (Nikon). Fluorescence images were obtained using
a laser scanning spectral confocal microscope (Leica TCS SP8
AOBS; Leica Microsystems, Bensheim, Germany).

The numbers of CD3-positive and Gr-1-positive cells within
a tissue section were estimated by counting them directly under
the microscope. The final value corresponds to the average
number of positive cells within every section from the same
experimental group. In the case of DRG, SC, and paw skin
tissues, serial sections were collected such that each slide
contains at least 10 different sections and 1 slide was taken as
representative of a mouse for a particular antibody. In the case of
sciatic nerve tissue, 6 to 8 tissue sections were collected onto
each slide. CD3 or Gr1-positive cells were counted from each
section and averaged to represent number of positive cells per
section for each individual mouse, which was thus considered 1
biological replicate. In all cases, values from 3 to 5 mice were used
to calculate the mean value, SEM, and statistical significance.

2.12. Statistical analyses

For all measurements, data were calculated and presented as
mean *= SEM. Two-way analysis of variance for repeated
measures followed by Tukey test was used to determine
statistical significances in all behavioral experiments. P = 0.05
was considered significant. For all statistical analyses, the
appropriate statistical tests were chosen, the data met the
assumptions of the test and the variance between the statistically
compared groups was similar.

In all of the behavioral analyses described, unless specified
otherwise, *denotes P = 0.05 as compared to basal values,
Tdenotes P = 0.05 relative to the corresponding vehicle for each
particular time point of analysis; 2-way analysis of variance of
repeated measures was performed followed by Tukey post hoc
test and n = 6 to 18 mice per group.

3. Results

3.1. Effects of systemic delivery of sivelestat on mechanical
hypersensitivity, cold allodynia, and motor behavior
following nerve injury

To understand the effect of systemic sivelestat administration on
the early phase of mechanical hypersensitivity in neuropathic
conditions, mice were tested behaviorally on postoperative day 8
following SNI (POD8). The mice were then intraperitoneally (i.p.)
injected with a single dose of varying concentrations of sivelestat
ranging from 0.2 to 50 mg/kg body weight or vehicle. Mechanical
hypersensitivity was measured at 1, 3, 6 and 24 hours following
i.p. sivelestat or the vehicle injection as the response frequency to
the intraplantar application of a range of calibrated von Frey
filaments (ie, 0.02, 0.04, 0.07,0.16, 0.4, 0.6, 1, and 1.4 g) (Fig. 1,
panel A). In all the mechanical hypersensitivity data presented
here, the response frequency from a representative filament of
0.16 g is presented. While both cohorts of mice developed
significant mechanical hypersensitivity on day 8 of SNI as
compared to basal behavior, the magnitude of mechanical
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hypersensitivity was significantly lesser at 1 hour and returned to
pre-sivelestat levels by 3 hours following sivelestat injection in the
mice injected with 0.2 mg/kg sivelestat as compared to the mice
injected with vehicle. Mice injected with 2 or 20 mg/Kg of i.p.
sivelestat showed significantly lesser mechanical hypersensitivity
until 6 hours and displayed comparable mechanical hypersen-
sitivity at 24 hours following sivelestat injection as compared to
the mice injected with vehicle. Mice injected with 50 mg/Kg of i.p.
sivelestat showed significantly lesser mechanical hypersensitivity
until 24 hours following sivelestat injection as compared to the
mice injected with vehicle (Fig. 1, panel B). The same
observations were also recapitulated by comparing the 60%
response threshold (supplemental Fig. 1, panel A; available online
at http://links.lww.com/PAIN/A476) or area under the curve of
stimulus-response frequency curves for all 8 tested von Frey
forces (supplemental Fig. 1, panel B; available online at http://
links.lww.com/PAIN/A476). Analyses of withdrawal frequency,
mechanical response threshold or mechanical sensitivity data
from the paw contralateral to the SNI operated paw demon-
strated no change in the mechanical hyperalgesia on day 8
following SNI as compared to basal readings or at 1, 3, 6, or 24
hours following i.p. sivelestat injection as compared to the mice
injected with vehicle (supplemental Fig. 2, panels A, B, and C;
available online at http://links.lww.com/PAIN/A476).

In the next set of experiments, we asked the question whether
systematically applied sivelestat affords comparable protection
against neuropathic mechanical hypersensitivity at late phase’s
post-SNI. Mice were analyzed for mechanical hypersensitivity at
4 weeks (W) following SNI and same experimental paradigm
explained above for the early phase analyses was followed. As
observed at POD8 following SNI, both the cohorts of mice
exhibited significant mechanical hypersensitivity at 4 W follow-
ing SNI as compared to basal behavior (Fig. 1, panel C). While
the magnitude of mechanical hypersensitivity was unchanged in
the mice injected with 0.2 mg/Kg sivelestat, the mice injected
with 2 mg/kg sivelestat showed significantly less mechanical
hypersensitivity at 6 hours, which returned to pre-sivelestat
levels by 24 hours, as compared to the mice injected with
vehicle. Mice injected with 20 mg/kg sivelestat showed
significantly lesser mechanical hypersensitivity at 1, 3 and 6
hours, and returned to pre-sivelestat levels by 24 hours,
following sivelestat injection as compared to mice injected with
vehicle. In the case of mice injected with 50 mg/kg sivelestat, the
magnitude of mechanical hypersensitivity was significantly less
at all the time points tested as compared to the mice injected
with vehicle (Fig. 1, panel C). Analyses of the response
frequency to higher magnitudes of mechanical stimulation,
such as von Frey strength of 1.4 g, which represents nociceptive
strength stimulation, also revealed significant reduction in the
SNI-induced mechanical sensitivity at 1, 3, and 6 hours
following 20 mg/kg i.p. sivelestat injection on day 8 post-SNI
(supplemental Fig. 1, panel A; available online at http://links.
lww.com/PAIN/A476) and at 3 hours following 20 mg/kg i.p.
sivelestat injection at 4 W post-SNI (supplemental Fig. 1, panel
B; available online at http://links.lww.com/PAIN/A476) as
compared to the vehicle-injected group. The same observations
were also confirmed by comparing the 60% response threshold
(Suppl. Fig. 2, panels A and B; available online at http://links.
Ilww.com/PAIN/A476) or area under the curve of stimulus—
response frequency curves for all 8 tested von Frey forces
(supplemental Fig. 2, panels C and D; available online at http://
links.lww.com/PAIN/A476). Analyses of the data from the paw
contralateral to the SNI operated paw demonstrated no
significant change in the mechanical hyperalgesia at 4 W
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following SNI or at 1, 3, 6 or 24 hours following i.p. sivelestat
injection as compared to the basal readings or the mice injected
with vehicle, respectively (supplemental Fig. 3, panels A-F;
available online at http://links.lww.com/PAIN/A476).

To address potential sex-specific differences in the magni-
tude of protection afforded by i.p. sivelestat against SNI-
induced hypersensitivity, we analyzed male and female mice
separately following the i.p. injection of vehicle or sivelestat at
20 mg/kg. Analyses of withdrawal frequency to graded von Frey
filaments at 1, 3, 6, and 24 hours following i.p. sivelestat or
vehicle injection revealed that both male and female mice
demonstrated similar temporal patterns of reduction in me-
chanical hypersensitivity at early (1 W) and late phases (4 W)
post-SNI (supplemental Fig. 4, panels A and B; available online
at http://links.lww.com/PAIN/A476).

We then tested the impact of systemically administered
sivelestat on cold hypersensitivity that is classically seen in
neuropathic pain states. Mice were tested for cold allodynia on
day 8 following SNI, which was evident as a significant drop in
withdrawal latency towards 4°C temperature (Fig. 1, panel D),
then treated with 20 or 50 mg/kg sivelestat i.p. or vehicle and
behaviors measured at 1 and 6 hours thereafter. Although vehicle
injection did not change behaviors significantly, sivelestat
partially, but significantly, alleviated neuropathic cold allodynia
at day 8 as well as at 4 W (Fig. 1, panel D). The magnitude of
change with sivelestat was considerably stronger in the early
phase, as compared to the late phase, of cold allodynia.

3.2. Effects of systemic delivery of sivelestat on changes in
gait and voluntary behaviors associated with
neuropathic pain

To analyze voluntary activity parameters, mice were placed in
a cage with free access to a running wheel and voluntary
behavioral parameters were analyzed. To facilitate comparisons
over the same window of the circadian rhythm, running wheel
data at basal (before SNI) and on day 8 following SNI were always
collected for the same 4 hours during the morning. On day 8,
either sivelestat or vehicle was injected i.p. before placing the
mice into the running wheel environment. Analysis of the number
of wheel revolutions made revealed that both the groups of mice
have same activity before SNI. Whereas mice injected with vehicle
showed significantly lowered running wheel activity at day 8 post-
SN, as published previously,®® mice injected with i.p. sivelestat
did not show a decrease over baseline and showed significantly
higher activity as compared to the mice injected with vehicle (Fig.
2, panel B).

In the next set of experiments, distinct parameters of the animal
gait were analyzed before SNI and at 4 W post-SNI before and 4
hours after injection of i.p. vehicle or 50 mg/kg sivelestat.
Comparison of the duration of contact with the surface or
maximum contact area or print area of the paw ipsilateral to the
SNl surgery revealed that the basal values are comparable in both
the groups before SNI. At 4 W following SNI, all the 3 parameters
were significantly reduced in both the groups of mice as compared
tothe basal values (Fig. 2, panels C, D, and E). At 4 hours following
injection, the mice treated with i.p. sivelestat exhibited significantly
higher values as compared to the mice injected with vehicle (Fig.
2, panels C, D, and E). Analysis of same parameters in sham-
operated mice before surgery or at 4 hours following i.p.
sivelestat at 4 W following sham surgery revealed that i.p.
sivelestat had no impact on gait-related parameters in both the
ipsi- and contra-lateral paws to the operated paw (supplemental
Fig. 5, available online at http://links.lww.com/PAIN/A476).
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Figure 1. Dose-dependent effects of systemic delivery of sivelestat in the spared nerve injury (SNI) model of neuropathic pain. Analysis of SNI-induced neuropathic
mechanical and cold hypersensitivity following intraperitoneal application of leucocyte elastase inhibitor, sivelestat, as compared to the vehicle-injected group.
Assingle dose of 0.2 or 2.0 or 20 or 50 mg/kg body weight sivelestat was injected i.p. on day 8 or day 28 post-SNI (blue arrow). In all panels, *denotes P = 0.05 as
compared to basal, frepresents P = 0.05 as compared to the vehicle-treated group at respective time point, 2-way analysis of variance of repeated measures
followed by Turkey hoc test; n = at least 6 mice per group. (A) Schematic illustration of the experimental protocol followed to analyze the impact of systemic
sivelestat on mechanical and cold hypersensitivity at early and late phases following SNI. (B) Paw withdrawal responses to von Frey force of 0.16 g before
SNI operation (basal) orat 1, 3, 6, and 24 hours following each dosage of i.p. sivelestat or Vehicle on day 8 following SNI. (C) Paw withdrawal responses to von Frey
force of 0.16 g before SNI operation (basal) or at 1, 3, 6, and 24 hours following each dosage of i.p. sivelestat or Vehicle on day 28 following SNI. In panels Band C,
n = 20 mice for the vehicle group, 18 mice for the 20 mg/kg group, 6 mice for the 0.2 mg/kg group, and 8 mice for other 2 groups. (D) Spared nerve injury—induced
neuropathic cold hypersensitivity (4°C) before and 1 and 6 hours following i.p. sivelestat or vehicle on day 8 and 28 following SNI. n = 12 mice for the vehicle group
and 8 each for 20 and 50 mg/kg groups.

Thus, the observed effects of sivelestat did not arise due to
unspecific modulation of gait, but rather by alleviating SNI-
induced defects in gait.

8 following SNI, the withdrawal frequency in the sivelestat- or
pregabalin-injected groups was significantly lesser at 1, 3, and 6
hours following i.p. injection as compared to the vehicle-injected
group and the analgesic effect was lost when tested at 24 hours
after drug administration (Fig. 3, panel B). Analysis of 60%
response threshold also revealed the same observations (Fig. 3,
panel C). While the protection against the mechanical sensitivity in

3.3. Comparison of the impact of systemic sivelestat and
pregabalin on neuropathic pain

In the next set of experiments, we set out to compare the
magnitude of protection exerted by the systemic sivelestat to that
of pregabalin, one of the prominently used drugs in the clinic for
the treatment of neuropathic pain.?®3? For this, the same
experimental paradigm explained above for Figure 1 and
depicted in Figure 3 panel A was followed on a new cohort of
mice. On i.p. injection of sivelestat or pregabalin or vehicle on day

the pregabalin-injected group lasted for up to 3 hours post i.p.
injection, it lasted until 6 hours post i.p. injection in the sivelestat-
injected group. In the late phase of neuropathic pain, that is, at
4 W following SNI, the withdrawal frequency in the sivelestat- or
pregabalin-injected groups was significantly lesser at 1, 3, and 6
hours, but not at 24 hours, following i.p. injection as compared to
the vehicle-injected group (Fig. 3, panel D); similar results were
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Figure 2. Effects of systemic delivery of sivelestat on voluntary wheel running and gait in neuropathic pain. Analysis of spared nerve injury (SNI)-induced voluntary
wheel running behavior and gait following intraperitoneal application of leucocyte elastase inhibitor, sivelestat, as compared to the vehicle-injected group. A single
dose of 50 mg/kg body weight sivelestat was injected i.p. on day 8 or day 28 post-SNI (blue arrow). (A) Schematic illustration of the experimental protocol followed
to analyze the impact of systemic sivelestat on gait and voluntary wheel running in neuropathic pain conditions. (B) Number of wheel turns performed by the mice in
voluntary wheel running experiment in the group of mice injected with vehicle (black bar) or with sivelestat at 50 mg/kg on day 8 following SNI as compared to the
basal readings in the respective group of mice. A single dose of 50 mg/kg body weight sivelestat or vehicle was injected i.p. on day 8 post-SNI before placing the
mice in voluntary wheel running setup. Cumulative wheel running counts during 3 hours of exposure to the running wheel are presented. *denotes P = 0.05 as
compared to basal t test, n = 6 mice per group. (C-E) Three different gait parameters analyzed by catwalk system. Duration of paw contact (C), the intensity of the
paw contact measured as the maximum area (D) and area of total paw contact (E) from the paw ipsilateral to the SNI surgery are presented before SNI (basal) and at
4 hours following i.p. sivelestat or vehicle injection on day 28 after SNI. *denotes P = 0.05 as compared to basal, trepresents P = 0.05 as compared to the vehicle-

treated group at respective time point, 2-way analysis of variance of repeated measures followed by Turkey post hoc test; n = 8 mice per group.

seen on comparing withdrawal thresholds (Fig. 3, panel E),
although pregabalin showed a stronger impact than sivelestat on
response thresholds at 1 and 3 hours at this late stage post-SNI.
Sham-treated mice showed no changes at 8 days or 4 W
following sham surgery with either sivelestat or pregabalin
treatment (supplemental Fig. 6, panels A-D; available online at
http://links.lww.com/PAIN/A476).

3.4. Effects of other leucocyte elastase inhibitors on
neuropathic pain

To judge whether the beneficial effects of sivelestat represent
a mechanistic class effect, we then tested other LE inhibitors in
the same paradigm. On testing Elastatinal, a potent LE
inhibitor,33*3 with the same experimental protocol described for
testing sivelestat (Fig. 1, panel A), we observed that mice injected
with 20 or 50 mg/kg of Elastatinal showed significantly less
mechanical hyperalgesia at 1, 3, 6, and 24 hours following i.p.
injection as compared to the mice injected with the vehicle on day
8 post-SNI (Fig. 4, panel A). Analyzing 60% response thresholds
showed similar results (Fig. 4, panel B). At 4 W following SNI, mice
injected with 20 or 50 mg/kg of Elastatinal showed significantly
less mechanical hyperalgesia at 1, 3, and 6 hours, but not at

24 hours, following i.p. injection as compared to the mice injected
with vehicle (Fig. 4, panels C and D).

We then tested the effect of another LE inhibitor, namely SSR-
69071, on early and late phases of SNI-induced mechanical
hypersensitivity. Because this compound is soluble only in 100%
DMSO, it was to rule out any potential toxic effects of DMSO on in
vivo application in mice. Mice injected with 40 L of either i.p. Saline
or DMSO showed similar mechanical sensitivity (Fig. 4, panels E-H).
At 8 days following SNI, mice injected with 20 mg/kg of SSR-69071
showed significantly less mechanical hyperalgesia at 1, 3, 6 and 24
hours following i.p. injection as compared to the mice injected with
vehicle (Fig. 4, panel E), which was also true on analyzing response
thresholds (Fig. 4, panel F). As with Elastatinal, at 4 W following SNI,
the antinociceptive effects of 20 mg/kg of SSR-69071 lasted until 6
hours, but not at 24 hours (Fig. 4, panels G and H).

3.5. Effects of sivelestat on other forms of neuropathic pain
caused by cancer or diabetes

We next asked whether systemically applied LE inhibitors are able
to exert protection on other forms of chronic pain in which
neuropathic pain is an integral component. For this, we chose
CIBP?® and the STZ model of type 1 diabetic neuropathic pain.**
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Figure 3. Comparison of effects of systemic delivery of sivelestat or pregabalin on neuropathic pain. Analysis of SNI-induced neuropathic mechanical
hypersensitivity following intraperitoneal application of leucocyte elastase inhibitor, sivelestat, or pregabalin as compared to the vehicle-injected group. A single
dose of 20 mg/kg body weight sivelestat or pregabalin was injected i.p. on day 8 or day 28 after spared nerve injury (SNI) (blue arrow). In all panels, *denotes P =
0.05 as compared to basal, frepresents P = 0.05 as compared to the vehicle-treated group at respective time point, 2-way analysis of variance of repeated
measures followed by Turkey post hoc test; n = at least 6 mice per group. (A) Schematic illustration of the experimental protocol followed to analyses the impact of
systemic sivelestat or pregabalin on mechanical hypersensitivity in early and late phases following SNI. (B) Paw withdrawal responses to von Frey force of 0.16 g at
1, 8, 6, and 24 hours following each dosage of i.p. sivelestat or pregabalin on day 8 following SNI. n = 8 mice per group. (C) Mechanical response thresholds
calculated as von Frey filament strength required to achieve 60% withdrawal frequency before SNI (basal) or at 1, 3, 6, and 24 hours following each dosage of i.p.
sivelestat or pregabalin or vehicle on day 8 following SNI. n = 8 mice per group. (D) Paw withdrawal responses to von Frey force of 0.16 g at 1, 3, 6 and 24 hours
following each dosage of i.p. sivelestat or pregabalin on day 28 following SNI. n = 6 mice per group. (E) Mechanical response thresholds calculated as von Frey
filament strength required to achieve 60% withdrawal frequency before SNI (basal) or at 1, 3, 6, and 24 hours following each dosage of i.p. sivelestat or pregabalin
or vehicle on day 28 following SNI. n = 6 mice per group.

28,37

Cancer-induced bone pain was induced by injecting osteolytic  limping, was also significantly reduced in sivelestat-treated

breast carcinoma cells into the femur and mice exhibited
significant mechanical hypersensitivity at 4 W after tumor cell
implantation as compared to basal behavior, as reported
previously.?®%” On day 28 following tumor cell implantation,
mechanical hypersensitivity was measured before and at 1, 3, 6
hours, 1 day, and 3 days after single i.p. injection of sivelestat at
20 mg/kg or vehicle (Fig. 5, panel A). Analyses of withdrawal
frequency or 60% response threshold revealed that the
magnitude of tumor-induced mechanical hypersensitivity was
significantly less until 1 day in mice receiving sivelestat as
compared to the mice injected with vehicle (Fig. 5, panels B and
C). Importantly, when tested at 4 hours post i.p. sivelestat or
vehicle injection, spontaneous nocifensive behavior, such as
spontaneous guarding, flinching, sporadic hopping, or

mice as compared to vehicle-treated mice (Fig. 5, panel D). Paws
contralateral to the tumor cell-injected paw revealed no
significant changes in the mechanical sensitivity before or at 1,
3, 6 hours, 1 day, or 3 days following i.p. injection of sivelestat or
vehicle (supplemental Fig. 7, panels A and B; available online at
http://links.lww.com/PAIN/A476).

In a model of type 1 diabetes induced by multiple treatments
with STZ,** male as well as female mice demonstrated significant
mechanical hypersensitivity at 8 weeks after STZ treatment (Fig.
6, panel A). Analyses of withdrawal frequency or 60% response
thresholds following i.p. injection of sivelestat at 20 mg/kg or
vehicle showed that mice injected with sivelestat showed
significantly lesser mechanical hypersensitivity at 1, 3 and 6
hours following i.p. injection as compared to the mice injected
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Figure 4. Dose-dependent effects of leucocyte elastase (LE) inhibitors, Elastatinal and SSR-69701, on neuropathic pain. Analysis of SNI-induced neuropathic
mechanical hypersensitivity following the intraperitoneal application of LE inhibitors, Elastatinal or SSR-69701 as compared to the vehicle-injected group. A single
dose of 20 or 50 mg/kg body weight Elastatinal or 20 mg/kg body weight SSR-69701 was injected i.p. on day 8 or day 28 post-SNI (blue arrow). In all panels,
*denotes P = 0.05 as compared to basal, trepresents P = 0.05 as compared to the vehicle-treated group at respective time point, 2-way analysis of variance of
repeated measures followed by Turkey post hoc test; n = at least 6 mice per group. (A) Paw withdrawal responses to von Frey force of 0.16 g before SNI (basal) and
at 1, 3, 6, and 24 hours following each dosage of i.p. Elastatinal or vehicle on day 8 following SNI. (B) Mechanical response thresholds calculated as von Frey
filament strength required to achieve 60% withdrawal frequency before SNI (basal) or at 1, 3, 6 and 24 hours following each dosage of i.p. Elastatinal or vehicle on
day 8 following SNI. (C) Paw withdrawal responses to von Frey force of 0.16 g before SNI (basal) and at 1, 3, 6 and 24 hours following each dosage of i.p. Elastatinal
or vehicle on day 28 following SNI. (D) Mechanical response thresholds calculated as von Frey filament strength required to achieve 60% withdrawal frequency
before SNI (basal) or at 1, 3, 6, and 24 hours following each dosage of i.p. Elastatinal or vehicle on day 28 following SNI. In panels A, B, C and D, n = 14 for the
vehicle group and 9 each for the 20 and 50 mg/kg Elastatinal groups. (E) Paw withdrawal responses to von Frey force of 0.16 g before SNI (basal)and at 1, 3, 6 and
24 hours following each dosage of i.p. SSR-69701 or vehicle on day 8 following SNI. (F) Mechanical response thresholds calculated as von Frey filament strength
required to achieve 60% withdrawal frequency before SNI (basal) or at 1, 3, 6, and 24 hours following each dosage of i.p. SSR-69701 or vehicle on day 8 following
SNI. (G) Paw withdrawal responses to von Frey force of 0.16 g before SNI (basal) and at 1, 3, 6, and 24 hours following each dosage of i.p. SSR-69701 or vehicle on
day 28 following SNI. (H) Mechanical response thresholds calculated as von Frey filament strength required to achieve 60% withdrawal frequency before SNI
(basal)orat 1, 3, 6, and 24 hours following each dosage of i.p. SSR-69701 or vehicle on day 28 following SNI. In panels E, F, G, and H, n = 9 for the vehicle group, 6
for the DMSO group, and 8 for the SSR-69071 group.

with vehicle (Fig. 6, panels A and B). Analyses of the 60%  differences with respect to the antinociceptive actions of
withdrawal threshold, revealed that there was no significant  sivelestat.

difference in the magnitude of protection afforded by i.p. In the next experiments, we asked whether i.p. sivelestat can
sivelestat between male and female mice at 1, 3, and 6 hours  protect the mice from the thermal hyperalgesia caused by
following i.p. sivelestat as compared to respective vehicle-  diabetes. Analyses of withdrawal latency to calibrated infrared
injected groups (Fig. 6, panel D), suggesting a lack of sex  heatapplied to the plantar surface (Hargreaves test) revealed that
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Figure 5. The impact of systemic delivery of sivelestat on neuropathic pain of cancer origin. Analysis of cancer-induced mechanical hypersensitivity following
intraperitoneal application of leucocyte elastase inhibitor, sivelestat, as compared to the vehicle-injected group. A single dose of 20 mg/kg body weight sivelestat
or an equal volume of vehicle was injected i.p. on day 28 (PID28) following tumor cell implantation in the femur (blue arrow). In all panels, *denotes P = 0.05 as
compared to basal, frepresents P = 0.05 as compared to the vehicle-treated group at respective time point, 2-way analysis of variance of repeated measures
followed by Turkey post hoc test. (A) Schematic illustration of the experimental protocol followed to analyze the impact of systemic sivelestat on mechanical
hypersensitivity in CIBP. (B) Paw withdrawal responses to von Frey force of 0.16 g before (basal) and at 1, 3, 6, 1 days and 3 days following 20 mg/kg body weight
i.p. sivelestat or vehicle injection on day 28 following tumor cell implantation. (C) Mechanical response thresholds calculated as von Frey filament strength required
to achieve 60% withdrawal frequency before (basal) or at 1, 3, 6, 1 days and 3 days following 20 mg/kg body weight i.p. sivelestat or vehicle on day 28 following
tumor cellimplantation. (D) Spontaneous pain behavior calculated as the time spent in nocifensive behavior over 5 minutes duration before and at 4 hours following
i.p. sivelestat or vehicle injection on day 28 following tumor cell implantation. In panels B, C, and D, n = 14 mice in the vehicle group and 12 mice in the sivelestat

20 mg/kg group.

both the cohorts of mice demonstrate significantly lesser
withdrawal latency at 8 W postdiabetes induction as compared
to sham-treated mice. While the i.p. sivelestat has no impact on
the thermal withdrawal latency in sham mice, diabetic mice
injected with 20 mg/kg i.p. sivelestat demonstrated significantly
lesser thermal hyperalgesia as compared to the mice injected
with vehicle at 1, 3 and 6 hours and returned to pre-sivelestat
levels by 24 hours following i.p. sivelestat application (Fig. 6,
panel E).

3.6. Sources of leucocyte elastase

After confirming the efficacy of systemic sivelestat in attenuating
neuropathic pain of distinct origins in male and female mice, we
set out to identify possible sources of LE release in the peripheral
tissue, that is, lumbar SC, DRG, sciatic nerve, and paw skin. As it

is known that LE is exclusively secreted by infiltrating
T-lymphocytes or neutrophils,*® we used anti-CD3 or anti-Gr-1
immunoreactivity as markers to identify T-lymphocytes and
neutrophils, respectively, using previously characterized
antibodies.*®

Analyses of immunofluorescence signals revealed large islands
of CD3-positive T-cells in the lumbar L3 and L4 DRG isolated from
the mice with SNI at day 8 and at 4 W post-SNI, while only a few
cells were observed in the DRG isolated from sham-operated
mice (Fig. 7, panels C-C1), which was confirmed by quantifica-
tion and statistical comparison (Fig. 7, panel C2). Along the same
lines, significantly higher numbers of CD3-positive T-lymphocytes
were observed in the paw skin (Fig. 7, panels A-A2) and the
sciatic nerve (Fig. 7, panels B-B2) from mice with SNI as
compared to sham-operated mice. In all 3 types of tissues SNI
mice, no differences were observed in the number of infiltrating
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Figure 6. The impact of systemic delivery of sivelestat on neuropathic pain caused by diabetes. Analysis of cancer-induced or diabetic neuropathy-induced
mechanical hypersensitivity following intraperitoneal application of leucocyte elastase inhibitor, sivelestat, as compared to the vehicle-injected group. A single
dose of 20 mg/kg body weight sivelestat or an equal volume of vehicle was injected i.p. at 8 W following diabetes induction (blue arrow). In all panels, *denotes P =
0.05 as compared to basal, frepresents P = 0.05 as compared to the vehicle-treated group at respective time point, 2-way analysis of variance of repeated
measures followed by Turkey post hoc test. (A) Schematic illustration of the experimental protocol followed to analyze the impact of systemic sivelestat on
mechanical hypersensitivity in neuropathic pain caused by diabetes. (B) Paw withdrawal responses to von Frey force of 0.16 g before diabetes induction and at 1,
3, 6, and 24 hours following 20 mg/kg body weight i.p. sivelestat or vehicle at 8 W following induction of diabetes via streptozotocin (STZ) in male and female mice.
n = 18 mice per group. (C) Mechanical response thresholds calculated as von Frey filament strength required to achieve 60% withdrawal frequency before
diabetes induction (pbasal) or at 1, 3, 6, and 24 hours following 20 mg/kg body weight i.p. sivelestat or vehicle at 8 W following induction of diabetes via
streptozotocin in male and female mice. n = 18 mice per group. (D) Comparison of the mechanical response thresholds (calculated as von Frey filament strength
required to achieve 60% withdrawal frequency) before diabetes induction (basal) or at 1, 3, 6, and 24 hours following 20 mg/kg body weight i.p. sivelestat or vehicle
at 8 W following induction of diabetes via streptozotocin in male or female mice. n = 12 for the male group and 6 for the female group. (E) Impact of i.p. sivelestat on
thermal hyperalgesia before and at 1, 3, 6 and 24 hours following 20 mg/kg body weight i.p. sivelestat or vehicle at 8 W following induction of diabetes via
streptozotocin or in sham control mice. n = 6 mice per group.

T-lymphocytes between male and female mice (Fig. 7, panels A2,  Analyses of lumbar spinal cord tissue isolated from the male and
B2, and C2). female mice with SNI or diabetes together with corresponding
In the case of male diabetic mice, while we occasionally = sham controls revealed a lack of detectable numbers of CD3-
detected few infiltrating T-cells into DRG and paw skin,  positive T-lymphocytes in the spinal cord (Fig. 7, panels D-D2
quantitative analyses did not reveal any differences in the number  and H-H2).
of CD3-positive T-cells infiltrating into the DRG, sciatic nerve or The number of Gr1-positive neutrophils in the vicinity of the
paw skin between diabetic and sham-treated mice at 4, 6, or8W  DRG was significantly higher in mice with SNI as compared to
post-STZ or vehicle treatment. However, in the case of female  sham-operated mice (Fig. 8 panels C1-C2). While there were
diabetic mice, a significant number of CD3-positive cells were  a negligible number of neutrophils observed in the sciatic nerve
found in the paw skin (Fig. 7, panels E-E2) and DRG (Fig. 7,  isolated from sham-operated mice, sciatic nerves isolated from
panels G-G2), but not in the sciatic nerve (Fig. 7, panels F-F2).  mice with SNI showed significantly higher number of neutrophils
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Figure 7. Immunohistochemical characterization of infiltration of T-lymphocytes into peripheral tissue in neuropathic pain and streptozotocin diabetes models on
day 28 post-SNI and 8 W post-diabetes induction using an anti-CD3 antibody. (A-D2) Representative images showing the pattern of T-lymphocytes infiltration into
mouse paw skin (A-A2), sciatic nerve (B-B2), lumbar dorsal root ganglion (DRG) (C—-C2), and lumbar spinal cord (D-D2) isolated on day 28 post-sham or post-
spared nerve injury (SNI) surgery. Scale bar in all panelsis 75 wm. Panels A2, B2, C2, and D2 represent the quantification of the number of T-lymphocytes infiltrated
into paw skin, sciatic nerve, lumbar DRG, or lumbar spinal cord, respectively, isolated from the male and female mice on day 28 post-sham or post-SNI operation.
(E-H2) Quantification of the number of T-lymphocytes infiltrated into paw skin (E-E2), sciatic nerve (F-F2), lumbar DRG (G-G2), or lumbar spinal cord (H-H2)
isolated from the mice at 8 W following diabetes induction or sham treatment in mice. Panels E2, F2, G2, and H2 represent quantification of the number of CD3-
positive T-lymphocytes infiltrated into paw skin, sciatic nerve, lumbar DRG, or lumbar spinal cord, respectively, isolated from the male and female mice at 8 W
following diabetes induction. Type 1 diabetes was induced by multiple injections of i.p. streptozotocin. In panels, A2, B2, C2, E2, F2, and G2, tdenotes P < 0.05 as
compared to sham control; n = 3 to 5 mice per group; 1-way analysis of variance followed by Turkey post hoc test.

(Fig- 8, panels B1-B2). A large number of neutrophils were
observed in the vicinity of ligation. In the case of paw skin, while
both the sham and SNI groups of mice exhibited the presence of
several neutrophils throughout the paw skin, mice with SNI
demonstrated a drastically higher number of neutrophils as
compared to sham-operated mice (Fig. 8, panels A-A2). In the

case of diabetic mice, the numbers of neutrophils observed to be
infiltrating into the paw skin (Fig. 8, panels E1-E2) or the DRG
(Fig- 8, panels G1-G2) were significantly higher in diabetic mice
than in control mice. However, neutrophils could not be detected
in sciatic nerve (Fig. 8, panels F-F2) or lumbar spinal cord (Fig. 8,
panels H-H2) sections isolated from either sham or diabetic mice.
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Figure 8. Immunohistochemical characterization of infiltration of neutrophils into peripheral tissue in neuropathic pain and streptozotocin (STZ) diabetes models
using an antimouse Ly-6G/Ly-6C (Gr-1) antibody. (A-D2) Representative images to demonstrate the pattern of neutrophil infiltration into mouse paw skin (A-A2),
sciatic nerve (B-B2), lumbar dorsal root ganglion (DRG) (C—-C2), and lumbar spinal cord (D-D2) isolated at day 28 post-sham or post-spared nerve injury (SNI)
surgery. Scale barin all panels is 75 um. Panels A2, B2, C2, and D2 represent the quantification of the number of neutrophils infiltrated into paw skin, sciatic nerve,
lumbar DRG, or lumbar spinal cord, respectively, isolated from the male and female mice on day 28 post-sham or post-SNI operation. (E-H2) Quantification of the
number of neutrophils infiltrated into paw skin (E-E2), sciatic nerve (F-F2), lumbar DRG (G-G2), or lumbar spinal cord (H-H2) isolated from the mice at 8 W following
diabetes induction or sham treatment. Panels E2, F2, G2, and H2 represent quantification of the number of Gr-1-positive neutrophils infiltrated into paw skin,
sciatic nerve, lumbar DRG, or lumbar spinal cord, respectively, isolated from the male and female mice at 8 W following diabetes induction. Type 1 diabetes was
induced by multiple injections of i.p. STZ. In panels A2, B2, C2, E2, and G2, tdenotes P < 0.05 as compared to sham control; n = 3 to 5 mice per group; 1-way

analysis of variance followed by Turkey post hoc test.

Analyses of all 3 tissue types isolated from male and female
separately revealed lack of sex-specific differences in the pattern
or number of neutrophils present in the DRG, sciatic nerve, or
paw skin of the mice with SNI or diabetes and the corresponding

sham mice.

In summary, our immunohistochemical analyses revealed
that in the SNI model, T-lymphocytes, and neutrophils infiltrate

into DRG, sciatic nerve, and paw skin in both male and female
mice as compared to the sham controls. In the mice with STZ-
induced diabetic neuropathy, while neutrophils were found to
infiltrate into DRG and paw skin of both male and female mice,
T-lymphocytes were found to be infiltrating into the DRG, and
paw skin of the female but not the male mice as compared to
control tissue.
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Considering the higher magnitude of protection afforded
by systemically applied sivelestat than that observed following
intrathecal application*® and infiltration patterns of T-lymphocytes
and neutrophils into the peripheral tissue post-SNI, we next set
out to test the domains of sivelestat action. To facilitate dosage
comparisons between systemic and local administration of
sivelestat in either paw skin or in the vicinity of damaged sciatic
nerve, we calculated required local injection concentration by
scaling the most effective i.p. sivelestat dosage (ie, 20 mg/kg)
based on the measured paw weight. Mice were analyzed for
mechanical hypersensitivity at 4 W following SNI using the
experimental paradigm described above for i.p. injections. At4 W
post-SNI, both the cohorts of mice exhibited significant
mechanical hypersensitivity as compared to basal behavior.
While the magnitude of mechanical hypersensitivity was un-
changed following perisciatic application of sivelestat, (orange
bars in Fig. 9), mice injected with intraplantar (i.pl.) sivelestat
demonstrated significantly lesser mechanical sensitivity at 1 hour
as compared to vehicle-treated mice and returned to pre-
sivelestat levels by 3 hours (blue bars in Fig. 9).

4. Discussion

The societal and financial burden of the neuropathic pain is
enormous*?”*? and the identification of new therapeutic targets
for the management of therapy-resistant neuropathic pain is
a major current need.?® Here, we report a high therapeutic
potential of systemically administered LE inhibitors for the
improvement of neuropathic pain associated phenotypes in
preclinical mouse models and report on the cell types that
constitute the source of LE in 2 distinct types of neuropathic pain.

The in vivo pharmacology data reported here indicate efficacy with
a low, single dose of systemically applied sivelestat in blocking
neuropathy-induced mechanical hypersensitivity, a clinically relevant
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Figure 9. Effect of site-specific delivery of sivelestat in the spared nerve injury
(SNI) model of neuropathic pain comparison of mechanical sensitivity
expressed as an integral of response frequencies measured with 6 different
von Frey forces before SNI (basal) or at 1, 3, 6, and 24 hours following 20 mg/kg
sivelestat or vehicle on day 28 following SNI (blue arrow) via intraperitoneal (i.p.)
orintraplantar (i.pl.) or perisciatic injections. *denotes P = 0.05 as compared to
basal, trepresents P = 0.05 as compared to the respective vehicle-treated
group, 2-way analysis of variance of repeated measures followed by Turkey
post hoc test; n = 7 mice per group.
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manifestation of several forms of neuropathic pain. Further, since
other 2 LE inhibitors that we tested also demonstrated efficacy, we
conclude that the observed effects can be clearly allocated to LE
blockade and suggest therapeutic promise for the whole class. We
observed that the maximal efficacy of sivelestat was lower than that
of pregabalin, the current first-line therapy for neuropathic pain,
particularly over the chronic phase in the SNI model. However, at
early stages post-SNI, the duration of efficacy of sivelestat was
longer than that of pregabalin after a single dose (6 hours vs 3 hours
with pregabalin). Moreover, Elastatinal, and particularly SSR-69071,
were very efficacious, completely reversing neuropathic mechanical
allodynia at 8 days after SNI.

It is noteworthy from the point of view of clinical applicability
that both the early and late phases of neuropathic hypersensitivity
were significantly affected by LE inhibitors, as compared to many
drugs which act best in the induction phase of neuropathic pain.
This efficacy at chronic stages postnerve injury is mechanistically
interesting because both endogenously expressed and exoge-
nously delivered recombinant SerpinASN was found to alleviate
neuropathic mechanical allodynia only up to day 8 after SNI.%6
Moreover, the locus of expression and action of SerpinASN was
restricted to the DRG.*® The efficacy shown by LE inhibitors over
late stages of SNI upon systemic delivery thereby indicates that
LE is also actively involved in mechanisms of neuropathic pain at
loci other than DRG neurons. This is indeed consistent with our
analyses on T-cell and neutrophil infiltration in the peripheral nerve
and the paw in neuropathic pain models.

Systemic sivelestat also demonstrated efficacy in blocking
mechanical hypersensitivity in mouse models of bone metastatic
pain and painful diabetic neuropathy, which are widespread and
clinically challenging to treat. Previous studies report that
pregabalin has satisfactory analgesic effects in about 20% of
patients suffering from PDN.22 In mouse STZ model, single dose
i.p. application of 50 mg/kg pregabalin (equivalent to 314 umol)
was reported to yield a maximum analgesic effect for up to 1 hour,
which was neutralized by 4 hours.® Here, we observed that
a single dose of i.p. sivelestat at 20 mg/kg (equivalent to 46 pmol)
completely reversed mechanical hypersensitivity in the STZ
model for up to 6 hours. sivelestat showed high efficacy in the
CIBP model, completely reversing bone metastases-induced
mechanical allodynia for at least 24 hours after administration of
a single i.p. dose at 20 mg/kg.

Although a majority of literature pertains to the study of
mechanical allodynia in the context of neuropathic pain, it is
becoming increasingly recognized that other symptoms of
neuropathic pain deserve analysis and therapeutic treatment.
We observed that a single low dose of systemic sivelestat
attenuated cold hypersensitivity, which is a debilitating problem
associated with neuropathic pain in regions with a cooler climate.
We also addressed recently reported behaviors that are in-
dependent of reflexes and represent voluntary actions on part of
the animal, some of which also reflect on the overall well-being
and motivation of the animal, in keeping with the emotional
components of chronic pain.®® SNI is accompanied by striking
changes in gait patterns that are associated with the active
avoidance of surface contact of the allodynic paw. Here, a single
dose of systemic sivelestat improved SNI-induced alterations in
gait parameters, such as duration and intensity of paw contact
following SNI. Mogil et al. reported that i.p. administration of
Morphine (10 mg/kg b.w.), Gabapentin (75 mg/kg b.w.), or topical
EMLA (eutectic mixture of 2.5% lidocaine and 2.5% prilocaine)
reversed von Frey filament response thresholds but not gait-
related parameters on day 14 following SNI in Balb/C mice.®
Another study reported improvement of static and dynamic gait
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parameters following 7 dosages of 100 mg/kg body weight
Gabapentin in the Paclitaxel-induced sensory polyneuropathy
model in male C57/BI6 mice.?° Therefore, it is noteworthy that
a single dose of 50 mg/kg b.w. sivelestat reversed both static and
dynamic parameters of gait within 4 hours in the current study.
Voluntary wheel running in mice is indicative of well-being and
motivation in an enriched environment, and it has been recently
shown that in the early phase post-SNI, mice show reduced
voluntary wheel running behavior, likely due to ongoing pain as
well as reduced motivation and well-being.%® (Fig. 2, panel E).
Following a single intraperitoneal low dose application of
sivelestat, neuropathic mice showed significantly more wheel
running, suggesting reduced ongoing pain and thereby improved
emotional outcome. The most direct observation supporting the
view that LE inhibition blocks on-going pain was made in mice
demonstrating nonevoked, spontaneous nocifensive behaviors in
the widely used and well-characterized model of breast cancer
cell growth in the femur bone.?® Taken together, these
observations indicate that the efficacy of LE inhibitors is not
restricted to mechanical hypersensitivity but extends to various
pathological pain-related behaviors.

We observed a higher efficacy upon i.p. (systemic) delivery of
sivelestat than the effect we have previously noted and reported on
intrathecal application,*® suggesting additional loci of LE action in
neuropathic pain. Complementary to these findings, we observed
that local inhibition of LE in the periphery via intraplantar application of
sivelestat afforded transient but significant protection against
established neuropathic pain, but the magnitude of protection was
lower as compared to the same dose of systemic delivery. Taken
together, these observations suggest that LE contributes to
neuropathic pain manifestation via synergistic effects at peripheral
and central domains. These behavioral findings are supported by our
observation on increased infiltration of T-cells and neutrophils into
sciatic nerve and paw skin of neuropathic mice, in addition to the
previously reported infiltration in DRG.® Previous studies have
reported infiltration of T-lymphocytes into peripheral tissues in the
early phase of neuropathic pain (ie, 1 W post-SNI).2%%° We observed
similar results in DRG, sciatic nerve, and paw skin in the late phase
(ie, 4 W post-SNI), suggesting sustained and continuous T-cell
infiltration through all stages of neuropathic pain. Despite reports on
a higher pool of T-cells in female mice as compared to male
counterparts,*® we observed no sex-specific differences in the
infiltration patterns of T-cells into the peripheral tissue in mice post-
SNI. In diabetic conditions, we observed the infiltration of both T-cells
and neutrophils into the DRG and paw skin in the female mice but
only of neutrophils in male mice until 8 weeks after injection of STZ. In
spinal cord, we observed infiltration of CD3-positive T-cells in male
and female mice neither in the SNI model nor in the STZ diabetic
model. While our observations are consistent with previous studies
reporting a lack of morphological evidence for T-cell infiltration into
the spinal cord in neuropathic states in mice,?® one should note that
there are studies reporting T-cell infiltration in the ipsilateral spinal
cord in some rat models of neuropathic pain.'®'” One study also
reported detection of MRNAs coding for T-cell markers in the lumbar
spinal cord at 7 days post-SNI in CD-1 mice.*® Thus, whether T-cell
infiltration in the spinal cord contributes to plasticity is still unclear. So
far, our data clearly point towards a locus of action of LE in the DRG
and peripheral tissues.

Several small molecular weight inhibitors were developed to
inhibit LE. sivelestat is currently believed to be most potent LE
inhibitor with beneficial effects in animal models of lung injury,
pneumonia, and spinal cord injury.?2"2442 |ts pharmacokinetic
properties are well studied'® 163848 in several animal species
including rodents. Clinical studies reported its efficacy in treating
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acute lung injury-associated symptoms."'®?° Elastatinal is one
of first identified LE inhibitors®**® and SSR-69701 is one of
recently developed LE inhibitors.22#%4” They have high potency
in inhibiting LE and do not inhibit other proteases such as trypsin,
chathepsin, Kallikrein among others.2*434® Because the small
molecular LE inhibitors tested in this study were originally
optimized for airway inflammation,’'®2° the concentrations
required for attenuating neuropathic pain symptoms may have
been over or underestimated. Therefore, investigating detailed
pharmacokinetic and pharmacodynamic profile and optimizing
stoichiometric properties of the LE inhibitors in the context of
peripheral and central nervous system will help developing more
potent analgesics for the treatment of neuropathic pain.

In summary, our data lay the basis for exploring the therapeutic
usage of LE inhibitors in several forms of chronic pain, that is,
either resulting from direct traumatic damage to nerves, or
harboring a neuropathic component, such as pain caused by
cancer growth or metabolic disorders, such as diabetes, and
further underline the significance of mechanisms involving T-cells
and neutrophils in neuropathic pain.
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