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Abstract

Breast cancer metastasizes to bone, diminishing quality of life of patients due to pain, fracture, and limited
mobility. Cancer-induced bone pain (CIBP) is characterized as moderate to severe ongoing pain, primarily
managed by Mu opioid agonists such as fentanyl. However, opioids are limited by escalating doses and serious
side effects. One alternative may be kappa opioid receptor (KOR) agonists. There are few studies examining
KOR efficacy on CIBP, while KOR agonists are efficacious in peripheral and inflammatory pain. We thus
examined the effects of the KOR agonist U50,488 given 2x daily across 7 days to block CIBP, tumor-induced
bone loss, and tumor burden. U50,488 dose-dependently blocked tumor-induced spontaneous flinching and
impaired limb use, without changing tactile hypersensitivity, and was fully reversed by the KOR antagonist nor-
binaltorphimine (norBNI). U50,488 treatment was higher in efficacy and duration of action at later time points.
U50,488 blocked this pain without altering tumor-induced bone loss or tumor growth. Follow-up studies in human
cancer cell lines confirmed that KOR agonists do not affect cancer cell proliferation. These studies suggest that
KOR agonists could be a new target for cancer pain management that does not induce cancer cell proliferation

or alter bone loss.
Perspective (50 words max)

This study demonstrates the efficacy of KOR agonists in the treatment of bone cancer-induced pain in mice,
without changing tumor size or proliferation in cancer cell lines. This suggests that KOR agonists could be used

to manage cancer pain without the drawbacks of Mu opioid agonists and without worsening disease progression.
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Introduction

Tumor growth within bone is associated with moderate to severe pain. Pain is the most feared
consequence of cancer and greatly diminishes the patient’s quality of life.> 3* Mu opioid receptor (MOR)-mediated
drugs such as morphine and fentanyl remain the gold standard for the treatment of moderate to severe cancer
pain including ongoing and breakthrough cancer pain.! However, the severity of cancer pain generally requires
high doses, and sustained treatment leads to tolerance, which leads to dose escalation. This feed-forward loop
can lead to the development of severe side effects, including constipation, nausea, and dependence.! All of
these stereotypical opioid side effects contribute to a diminishing patient quality of life. In addition to these
adverse side effects, some clinical and preclinical studies suggest that opioids could be increasing the
progression and severity of the cancer itself, including promotion of proliferation and metastasis and acceleration

of bone loss and fracture.3. 11.13.22

The drawbacks of opioids described above indicate the importance of finding alternatives for pain
management in patients with cancer-induced pain. One potential target is the kappa opioid receptor (KOR). KOR
agonists do not cause side effects such as constipation, nausea and risk of addiction that are observed with the
current clinically used opioids targeting the MOR.?® KOR agonists produce anti-nociception,®® and can decrease
drug self-administration,’- 24 32 morphine-induced dependence,® and pruritus.’® While these aspects are very
promising for the treatment of pain, centrally-acting KOR agonists are limited most strongly by the development
of dysphoria.*®> However, the use of peripherally restricted KOR agonists'® 19 4% 41 or functionally selective KOR
agonists that show decreased dysphoriat? 26 35 42 could allow for the clinical development of this class of

compounds.

Previous investigations into the effects of KOR agonists on cancer pain determined the effects of KOR
agonist administration locally to the tumor or into the spinal cord.? ¢ 29 These studies indicate that KOR agonists
acting at peripheral and spinal sites can block tumor-induced bone pain. However, these studies only examined
acute anti-nociception in response to a single administration of KOR agonist. The efficacy of KOR agonists in
cancer pain has not been tested in a model consisting of repeated systemic administration over time as would

be used in a clinical setting for the management of CIBP. Such a study is important due to potential effects that



prolonged administration of an opioid agonist may have on aspects of disease progression such as tumor growth

or tumor-induced bone remodeling.

We tested the hypothesis that repeated systemic administration of a KOR agonist blocks tumor-induced
bone pain (measured as nocifensive behaviors) without altering tumor growth or tumor-induced bone remodeling
in a mouse model of CIBP. The effects of administration of the KOR agonist U50,488 on tumor-induced pain
behavior, bone degradation and tumor burden were examined. The ability of the KOR agonist to alter the
proliferation of multiple human cancer cell lines was also examined in vitro, to further evaluate the safety of KOR

agonists for cancer pain treatment.

Methods
Subjects.

Female adult naive Balb/cfC3H mice, weighing 20-25 g (Charles River, Willington, MA), were chosen for
histocompatibility with the 66.1 adenocarcinoma cell line and because breast cancer mainly affects female
patients.?® All mice were housed with a maximum of three per cage with a 12 hour light/dark cycle and food and
water available ad libitum, and used in strict accordance with the NIH Health Guide for the Care and Use of
Laboratory Animals and the Institutional Animal Care and Use Committee (IACUC) at the University of New

England Animal Care Unit and at the University of Arizona.
Cancer Implantation and Treatment

Baseline radiograph digital images (Carestream Health, Inc Woodbridge CT) of the right femurs were
obtained prior to surgery for the single injection groups. Mice were anesthetized with isoflurane and an
arthrotomy was performed, exposing the condyles of the distal femur as previously described.3” A hole was
drilled into the distal femur and a needle inserted into the intramedullary space for injection of the cancer cells.
Needle placement inside the intramedullary space of the femur was verified using radiograph images. Mice
received injections of 5 ul of serum-free minimal essential medium (MEM) containing approximately 5 x 10° 66.1
cells (culture details below) into the intramedullary space of the right femur.?” Sham-treated mice had the same

procedure performed, but culture media without cells was injected into the femur. The injection site was sealed



with dental cement (Simplex).
Pain Assays and In Vivo Imaging
Experimental Design

Each mouse was tested for impaired limb use, spontaneous flinching episodes, limb guarding behavior,
and tactile hypersensitivity prior to surgery (pre-surgery baselines), 7 days after surgery, and prior to and after
the morning drug injection on Days 7, 10, and 14. Mice were first tested for limb use, flinching, and guarding by
allowing them to walk in an empty mouse pan for 2 minutes. They were then placed in von Frey testing chambers
for assessment of evoked tactile hypersensitivity using von Frey filaments and the up-down method.2 The
experimenter, who was blinded to the treatments with animals randomized to treatment groups, conducted all
pain measurements. Starting day 7 post-surgery, mice received 2 daily injections of (+)-U50,488 hydrochloride
(Tocris, U50,488) (10 or 40 mg/kg, s.c.) or distilled water-vehicle (s.c.) 12 hours apart. In a separate set of
experiments, mice received a single daily injection of nor-Binaltorphimine (Tocris, norBNI) (10 mg/kg, s.c.) or
vehicle 1 hour prior to the first U50,488 injection of the day for the 7 day treatment period. No behavioral
differences could be observed between the single and double injection sets as described above, so the data sets
were combined for analysis in Figure 3. Tumor-induced pain behaviors were then measured at 7, 10, and 14
days post-surgery, corresponding to day 1, 3, and 7 of injections. All testing occurred at either a time course (0.5

— 8 hrs), or 4 hours after the morning injection of U50,488.
Spontaneous Flinching

All mice were placed in an empty mouse pan and allowed to acclimate for 30 min. The number of flinching
episodes in 2 minutes was then measured for each mouse. All spontaneous behaviors were measured in the

same 2 minute window.
Limb Use

Each mouse was placed in an empty mouse pan and observed while walking across the pan in a
continuous motion. Limping and/or guarding behavior of the right (cancer-treated) hind limb was rated on the
following scale: 0 = complete lack of use, 1 = partial non-use, 2 = limping and guarding, 3 = limping, 4 = normal

walking.



Limb Guarding

During the 2 minute observation period as above, the mice were recorded for the number of seconds

they kept their right hind limb elevated in a fully retracted position (i.e., guarding).
Tactile Hypersensitivity

Paw withdrawal thresholds in response to probing with calibrated Von Frey filaments were determined
using the “up-down” method described by Chaplan and colleagues.® Mice were kept in suspended cages with
wire grid floors and the von Frey filament applied perpendicularly to the plantar surface of the ipsilateral paw until
it buckled. A positive response was indicated by a sharp withdrawal of the paw. An initial probe equivalent to 0.4
g was applied and if the response was negative, the stimulus was incrementally increased until a positive
response was obtained, then decreased until a negative result was obtained. This up-down method was repeated
until three changes in behavior were determined, and the pattern of positive and negative responses was

tabulated.®
Determination of Bone Remodeling and Tumor Burden
Radiographic Analysis

Digital radiographs were taken after behavioral testing for the single injection set using a Carestream
bioimaging machine, and images captured by a digital camera. Bone loss was rated by an experimenter blinded
to treatment according to a 3 point scale: 0 = normal, 1 = osteolytic/osteoblastic bone remodeling, and 2 = cortical

fracture.
Bone Histology

On day 14, following the behavioral testing and radiographic imaging, the 40 mg/kg U50,488 or vehicle
treated mice received an overdose of pentobarbital (30 mg/kg, i.p.) and were perfused transcardially with
physiological heparinized saline followed by 10% neutral-buffered formalin (Sigma, St. Louis, MO, USA). Femurs
were collected from the right (cancer-treated) leg and postfixed overnight in 10% neutral buffered formalin.
Femurs were rinsed in water to remove formalin and then placed in an EDTA solution for 2 weeks to achieve
decalcification, which was verified using radiographic analysis. Samples were dehydrated in graded ethanol

solutions before embedding in paraffin. They were oriented so that the entire length of the femur could be



longitudinally sectioned at 5 ym thickness. Sections were stained with hematoxylin and eosin (H&E) to visualize
normal marrow elements and cancer cells under bright field microscopy. For image analysis, 6 sections per
femur that contained the marrow space were randomly selected for analysis using Image J (NIH). Femurs from
4 vehicle treated and 4 U50,488 treated mice were analyzed. Area occupied by tumor was presented as percent

of the total area of the intramedullary space within the bone, calculated as: (tumor area/total area)*100.
Cell Culture

Murine cell line 66.1 derived from spontaneously occurring mammary adenocarcinoma was maintained
in MEM (Cellgro) containing 10% fetal bovine serum (FBS), 1X penicillin/streptomycin (P/S), and 1X insulin-
transferrin-selenium (ITS) (Cellgro) at 37°C and in a 5% CO2 atmosphere. Cells that were cultured for injection

into animals were cultured without ITS. The cells were used between passages 12 and 21.

Five human cell lines were obtained from ATCC and were maintained at 37°C in a 5% CO; atmosphere.
MCF7 (HTB-22) is a mammary gland adenocarcinoma and was maintained in MEM (Cellgro) containing 10%
FBS, 1X P/S, and 1X ITS (Cellgro). MDA-MB-231 (HTB-26) is a mammary gland adenocarcinoma and was
maintained in Dulbecco’s Moadification of Eagle’'s Medium (DMEM) (Cellgro) containing 10% FBS and P/S. SK-
BR-3 (HTB-30) is a mammary gland adenocarcinoma and was maintained in McCoy’s 5A (Cellgro) containing
10% FBS and P/S. A549 (CCL-185) is a lung carcinoma and was maintained in DMEM with 10% FBS and P/S.
LNCaP clone FGC (CRL-1740) is a prostate carcinoma and was maintained in RPMI 1640 (Cellgro) containing

10% FBS and P/S.
Cell Proliferation Assay

The effect of KOR agonists on cell growth was measured using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. Cells were seeded at 5000 cells/well
(A549, MDA-MB-231 and SK-BR-3: 4000 cells/well) into clear-bottomed 96-well plates in 50 pL of colorless
complete growth medium (described above). Immediately after plating, 50 uL of ten concentrations of U50,488
yielding final concentrations ranging from 1 uM to 1 mM or vehicle (complete growth medium) were added to the
cells to give a final volume of 100 pL and centrifuged for 1 minute at 1000 rpm. Cells were incubated with drug
at 37°C in a 5% CO; atmosphere for 24, 48 or 72 hours following treatment. 20 uL of CellTiter 96 Aqueous One

Solution (Promega) was added to each well and incubated for two hours, after which absorbance was recorded
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at 490 nm using an ELx808 Ultra Absorbance Microplate Reader (BioTek). In individual experiments, compound
concentrations were run in replicates of four that were blank-subtracted, averaged and normalized to the Day 1
vehicle absorbance to generate a concentration-response curve (CRC) using GraphPad Prism software. Curves
were fit using a variable slope nonlinear regression analysis. ICso values and Hill Slopes were determined for

each individual curve for at least three independent experiments and reported as the mean + SEM.

To assess whether U50,488-mediated cell death was occurring through a KOR-mediated mechanism,
cells were plated as described above and treated with vehicle, 100 pM U50,488, 100 pyM norBNI or 100 pM
U50,488 and 100 uM norBNI. To evaluate growth with an alternative KOR agonist, GR 89696 fumarate (Tocris,
GR89696), cells were plated as described above and treated with vehicle, 10 yM or 100 yM GR89696.
Proliferation was evaluated as described above at 24, 48 and 72 hours. To evaluate whether daily replacement
of medium and compound would alter growth, medium was removed and replaced with fresh compound daily

for 24, 48 or 72 hours in a two-point concentration assay with U50,488.
Statistical Analysis

Statistical comparisons for the behavioral analysis between treatment groups were done using 2-way
analysis of variance (ANOVA). Post-hoc comparisons between groups were done using the Bonferroni post-hoc
test. For all analysis, significance was set at p < 0.05. For the in vitro experiments, the data were compared
across days and drug treatment groups using a 2-Way ANOVA. Post-hoc comparisons were performed using a

Fisher's Least Significant Difference test. For all analysis, significance was set at p < 0.05.

Results

KOR agonist blocks spontaneous pain, guarding, and impaired limb use without altering tactile

hypersensitivity

Tumor-bearing mice developed pain behaviors indicative of spontaneous pain, impaired limb use, limb
guarding, and referred tactile hypersensitivity at 7-14 days post cancer cell implantation (Pre-injection baselines
on Days 7, 10, and 14 in Figures 1-2; vehicle treated mice on Day 14 in Figure 3). We began our studies with

twice-daily injections of U50,488 (10 mg/kg, s.c.) or vehicle. A dose of 10 mg/kg is a moderate to high dose to



demonstrate anti-nociception in mice, which can be blocked with a KOR-selective antagonist.>® We found that
the first acute administration of U50,488 on Day 7 only had a small effect; limb use scores were returned to
sham-treated levels and tactile hypersensitivity was slightly improved at 1.5-2 h post-injection while flinching and
guarding was unchanged (Figure 1). This changed on Day 10, where U50,488 significantly improved flinching,
limb use, and guarding scores vs. vehicle treated controls for up to 8 hours post-injection. Notably, U50,488
treatment had no effect on tactile hypersensitivity on Day 10 or 14. On Day 14, the pre-injection baselines of the
U50,488-treated CIBP group were significantly improved vs. the vehicle injected CIBP animals for flinching, limb
use, and limb guarding (Figure 1). This suggests a long-lasting anti-nociceptive benefit of repeated U50,488
injection. U50,488 injection on Day 14 only appeared to transiently improve these scores vs. the pre-injection
baseline; however the pre-injection baseline and the entire 8 hour time course all showed sustained improvement
vs. the vehicle injected CIBP group. Tactile hypersensitivity was not changed by U50,488 injection on Day 14,
and the sham controls showed no signs of pain or effects of U50,488 injection except for a brief effect on Day 7

tactile hypersensitivity (Figure 1).

The time course data from Figure 1 is summarized in Figure 2. For each behavioral measurement, we
display the effects at 4 h post-injection, a consensus peak effect time across the behaviors and time courses.
We also show the whole time course area under the curve (AUC) measurement, incorporating each day and
post-injection time point. These data demonstrate that chronic U50,488 injection significantly but partially
improves the spontaneous pain measures of flinching, guarding, and limb use without altering the evoked pain
measure of tactile hypersensitivity. This effect is not apparent with acute administration on Day 7, but is clear on

Days 10 and 14 (Figure 2).

While 10 mg/kg U50,488 did have beneficial anti-nociceptive effects, the efficacy was only partial. To
determine if higher doses could achieve full efficacy, we performed CIBP experiments as above using 40 mg/kg
twice daily injections of U50,488. Behavior was measured only on day 14 at 4 hours post-injection, to match the
peak effect of the 10 mg/kg experiments above (Figures 1-2). In this experiment, tumor-bearing mice treated
with distilled water (vehicle) demonstrated a significant number of flinching episodes (Figure 3A, **** p<0.0001
vs Day 0 Vehicle) that was fully reversed by twice daily injections of U50,488 (40 mg/kg, s.c.) beginning on day

7 after tumor implantation (Figure 3A, #### p<0.0001 vs. Day 14 all other groups). This is a high dose of



U50,488, increasing the chances of off-target effects, thus the mice were also pre-treated with the KOR-selective
antagonist norBNI. Daily pre-treatment with norBNI (10 mg/kg, s.c., 1x/day) alone had no effect on pain behavior
when compared with vehicle treatment, but reversed the decrease in flinching caused by U50,488 back to vehicle
treated levels (Figure 3A). Tumor-bearing mice treated with vehicle demonstrated impaired limb use 14 days
post-cancer cell injections (Figure 3B, **** p<0.0001 vs. Day 0 Vehicle) that was blocked by twice daily injections
of U50,488 (40 mg/kg, s.c.) starting 7 days post cancer cell injections (Figure 3B, #### p<0.0001 vs. Day 14 all
other groups). Daily pre-treatment with norBNI also had no effect on its own, but fully reversed the limb use
improvement caused by U50,488 treatment back to vehicle-treated levels (Figure 3B). Tumor-bearing mice
treated with vehicle also developed tactile hypersensitivity 14 days post cancer cell injection (Figure 3C, ****
p<0.0001 vs. Day 0 Vehicle). Notably, the tumor-induced tactile hypersensitivity was not reversed by the U50,488
treatment, and norBNI pre-treatment on its own or prior to U50,488 treatment also had no effect (Figure 3C, p >
0.05). These differential results with spontaneous vs. evoked pain align with the results with 10 mg/kg U50,488
in Figures 1-2. These results suggest that higher doses of U50,488 are completely efficacious in treating bone
cancer-induced ongoing pain and impaired limb use, but not referred tactile hypersensitivity. These results also
suggest that the U50,488 is exerting this effect via the KOR even at the very high dose of 40 mg/kg, as a selective
dose of the KOR antagonist norBNI (10 mg/kg®) fully reversed the anti-nociceptive effects of U50,488 treatment.

In addition, the 40 mg/kg dose of U50,488 had the same behavioral effects as 10 mg/kg, just with greater efficacy.
KOR agonist does not alter tumor-induced bone remodeling

To determine whether treatment with the KOR agonist blocks bone remodeling, in vivo bone imaging was
done following behavioral testing D14 post tumor-implantation. The imaging and histology experiments were
only performed with 40 mg/kg U50,488 (or vehicle) treated mice as bone remodeling should be maximized at
the higher dose. Radiographs demonstrated that U50,488 treatment had no effect on the tumor-induced bone
remodeling (Figure 4A). Bone ratings by an experimenter blinded to treatment groups further indicate failure of

the KOR agonist treatment to alter tumor-induced bone remodeling (Figure 4B).

KOR agonist does not alter tumor burden D14 post implantation.
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To determine whether treatment with the KOR agonist blocks tumor burden within the intramedullary
space, H&E stained sections (Figure 5A) were analyzed for tumor burden. The U50,488 treated mice

demonstrated an equivalent tumor burden compared to distilled water-treated mice (Figure 5B).
KOR agonist alters cell proliferation in vitro through a non-KOR mechanism

In order to further confirm that KOR agonists do not promote (or inhibit) cancer cell growth and to help
establish safety for human use, we tested the ability of U50,488 to alter cancer cell proliferation in vitro with
multiple human cancer cell lines. We chose relevant human cancer cell lines from several tissues and cancer
types, some of which metastasize to bone — 66.1 (mouse mammary, used in our in vivo study), MCF7 (breast
adenocarcinoma), LNCaP (prostate carcinoma), MDA-MB-231 (breast adenocarcinoma), A549 (lung

carcinoma), and SK-BR-3 (breast adenocarcinoma).

We then measured the proliferation of these cell lines over 3 days in the presence of CRCs of U50,488
using an MTS assay. We found that the cell lines grew over the 3 day treatment period, with CRC baselines that
match with vehicle-treated controls (Figure 6). U50,488 did decrease proliferation and/or result in cell death with
high efficacy on all 3 days, driving down the measurable level of cells near to O in all cases. However, the
measured ICso concentrations required for this anti-proliferative effect were extremely high, and ranged from
36.1 pM for 66.1 cells, Day 3 at the lowest, to 268.6 uM for SK-BR-3 cells, Day 1 at the highest (Figure 6, Table
1). U50,488 is a high potency full agonist, with an affinity for the KOR in the low hanomolar range (Kjof 3.1 + 1.5
nM vs. [3H]-Diprenorphine in KOR-CHO cells, graphs not shown, n=3 independent experiments). Thus U50,488
should have near-complete receptor occupancy in the range of 100 nM or less. The high micromolar results
found here suggest a non-KOR, off-target or non-pharmacological mechanism, such as chemical toxicity or
blockade of sodium channels,®¢ to be responsible for these effects. In addition, we measured very high Hill Slopes
above 2.0 in nearly all cases, further suggesting that the mechanism of action is not well described by a typical

receptor binding model, which has a Hill Slope approximating 1.0 (Table 1).

One explanation for the extremely low potencies observed for U50,488 could be degradation of the drug
over the 3 day treatment period. To help rule out this possibility, we performed a set of experiments with MDA-
MB-231 cells with daily replacement of the media and U50,488. We found that while 100 pM U50,488 did

efficaciously result in cell death over the treatment period, 10 uM U50,488 was indistinguishable from vehicle-
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treated controls (Figure 7). This result shows that daily replacement of drug did not improve the potency of

U50,488, suggesting that drug degradation is not the explanation for our results.

To further confirm that the anti-proliferative efficacy of U50,488 at high concentrations is non-KOR
mediated, we co-incubated all human cell lines with 100 uM U50,488 and 100 uM norBNI, a moderately selective
KOR antagonist with a very long duration of action.” We found that norBNI alone was indistinguishable from
vehicle treatment, while U50,488 plus norBNI treatment was indistinguishable from U50,488 alone (Figure 8).
These results further confirm that the low potency anti-proliferative efficacy of U50,488 on cancer cells does not

occur through the KOR.

Lastly, we treated all human cell lines with 10 uM and 100 pM of GR89696, a KOR agonist with higher
selectivity and potency than U50,488 (ICso = 0.04 nM in KOR tissue bioassay).?! GR89696 had a small but
significant anti-proliferative effect vs. vehicle treatment only on Day 3 of the assay, only at the 100 puM
concentration, and only in A549, MDA-MB-231, and SK-BR-3 cells (Figure 9). These results contrast with the
U50,488 results (Figures 6-8, Table 1) which at 100 uM strongly affects all cell lines at Day 2 and 3, and all but
SK-BR-3 on Day 1. U50,488 has these much stronger effects despite a lower affinity and selectivity for the KOR
than GR89696. These results further confirm that U50,488’s anti-proliferative effect in cancer cells is via a non-

KOR mechanism, potentially through blockade of sodium channels.3®

Discussion

Our data demonstrates that repeated administration of the KOR agonist U50,488 across 7 days reversed
spontaneous flinching, guarding, and limb use, without altering tumor-induced tactile hypersensitivity. This anti-
nociceptive effect was dose-dependent, as 10 mg/kg partially reversed signs of spontaneous pain, while 40
mg/kg fully reversed spontaneous pain. We also observe a time-dependent effect of U50,488 treatment, as the
anti-nociceptive effects of U50,488 were greater on days 10 and 14 than day 7. As CIBP is a progressive pain
state, it is not yet clear whether this represents increased pain the drug can affect on days 10 and 14, or a
potentiating effect of chronic anti-nociceptive treatment. Along these lines, on day 14 the pre-injection baselines
for spontaneous pain are already significantly improved vs. vehicle treatment. This suggests a benefit of repeated

U50,488 administration, and suggests the animals do not become tolerant to repeated dosing. Further
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experiments will be needed to explore this day 14 effect, including whether drug is accumulating systemically,

along with an investigation as to whether drug tolerance is occurring.

Our data also demonstrates that this anti-nociceptive effect occurred through the KOR, as pre-treatment
with a selective dose of the KOR antagonist norBNI completely reversed all effects of the high dose (40 mg/kg)
of U50,488. Notably, these anti-nociceptive effects were observed in the absence of any effects of the KOR
agonist on disease progression as measured by tumor-induced bone remodeling or tumor growth within the
bone. These findings suggest that KOR agonists may not alter tumor growth or cancer cell proliferation in vivo.
To further investigate this, we performed extensive in vitro studies on the effects of KOR agonists on human
cancer cell line growth. We found that administration of U50,488 directly on cancer cells resulted in cell death
only at extremely high concentrations, suggesting a non-KOR-mediated mechanism. Confirming this hypothesis,
we found that daily drug replacement and co-incubation of the high potency, long duration KOR antagonist
norBNI had no effect on U50,488 anti-proliferative potency and efficacy. We also found that an alternate KOR
agonist (GR89696) with higher potency and selectivity than U50,488 for the KOR had significantly reduced anti-
proliferative cancer cell effects. Taken together, these results warrant further investigation of the effects of KOR
agonists on CIBP, and bone cancer disease progression, with the potential that KOR agonists could be
efficacious and safe for clinical cancer pain management. With more research, perhaps KOR agonists could be
used with confidence that they will not risk increasing tumor growth or cancer cell proliferation, a current
possibility with MOR agonists used clinically.' 13 These findings suggest potential benefits of further research
into peripherally restricted or functionally selective KOR agonists with diminished dysphoric effects as a potential

novel strategy for pain management of cancer pain patients.

One striking result was the finding that at a high dose U50,488 treatment completely reversed the non-
evoked pain measures of spontaneous flinching and impaired limb use, without altering evoked tactile
hypersensitivity. This dichotomy between the efficacy of U50,488 on non-evoked vs. evoked measures of pain
may represent different mechanisms underlying CIBP, with KOR agonists more effective against ongoing pain.
These observations are consistent with earlier studies demonstrating differential effects of the administration of
p38 MAPK inhibitors on cancer-induced pain.®” 38 Administration of a p38 MAPK inhibitor effectively blocked

aspects of cancer pain such as flinching and guarding, but failed to block tactile hypersensitivity of the ipsilateral

13



hindpaw, a measure of referred pain. Notably, previous studies using acute peripheral administration of the KOR
agonist U50,488 blocked tumor-induced thermal hypersensitivity in a rat model of CIBP.?2 No observations of
tactile hypersensitivity or impaired limb use were reported. However, these results indicate that the effects of
KOR agonists may not differ along the lines of evoked and spontaneous pain, but rather along modalities. Of
interest, blockade of TRPV1 expressing fibers has been found to block both ongoing pain and heat
hypersensitivity in preclinical models of inflammation and nerve injury-associated pain.?* 32 Therefore, KOR
agonists may be acting on the same nociceptive fiber population. However, the pattern of expression of KOR in
sensory neurons within the dorsal root ganglion (DRG) in relation to other markers indicative of individual fiber
populations is not established. Such observations highlight the complexity of tumor-induced bone pain. As CIBP
is multifactorial (ongoing pain, breakthrough pain, referred pain), the observations that compounds have
differential actions on measures of ongoing and evoked pain states suggest that future studies should examine
multiple aspects of cancer pain. These observations also highlight the importance of examining the effects of
new drugs on multiple pain states within clinical trials. Drugs that are effective against ongoing pain may fail to
block evoked pain such as referred cold allodynia or breakthrough pain, whereas drugs that are not effective
against ongoing pain may still diminish or block episodes of breakthrough pain or effectively reduce tactile or

cold allodynia commonly experienced by patients with painful bone metastases.

Our finding in vivo that KOR agonists block ongoing cancer-induced pain without altering tumor growth
is supported by our in vitro studies, which strongly suggest that KOR agonists only block proliferation and/or Kill
cancer cells at extremely high concentrations utilizing a non-KOR mechanism. However, the literature on KOR
effects on cancer proliferation is limited. KOR agonists have been shown to induce proliferation of C6 glioma
cells,* and block proliferation in NSCLC,?> CNE2,*® and MCF72° cells. The concentrations of U50,488 required
in the NSCLC study were similar to the ones required in our study with a concentration range of 15.6-250 uM,;
however they were able to block this effect with an equal concentration of norBNI. The study investigating MCF7
cells was able to see a strong effect with 10 nM of cyclazocine; however, this drug is not highly selective for the
KOR, with MOR partial agonist and delta opioid receptor (DOR) activity that complicates the analysis.'41¢ A
recent study demonstrated that KOR agonists can decrease tumor growth in vivo by blocking VEGF signaling
and tumor angiogenesis.** Yamamizu and colleagues demonstrated that Lewis Lung carcinoma and B16

melanoma transplanted subcutaneously showed increased tumor volume and weight in KOR knockout mice
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compared to WT mice 19 days following transplantation, along with increased angiogenesis. Furthermore, twice-
daily administration of the KOR agonist TRK820 starting 2 days after tumor implantation diminished tumor size
measured 7 and 11-14 days after implantation. Their data indicate that this is through an indirect effect on cancer
cells as they demonstrate that 1) the treatment with the agonists dramatically reduced angiogenesis and 2) this
effect was not observed in KOR knockout mice indicating that the effect was through non-tumor cells in the

mouse. Their data indicates that these effects are most likely mediated through reducing tumor angiogenesis.

One potential explanation for the differences of tumor growth in vivo between our study and the study by
Yamamizu and colleagues is differences in the approaches. Yamamizu and colleagues performed their in vitro
studies with HUVEC cells. Our in vitro studies examined multiple human and rodent cell lines. The HUVEC cells
may be more sensitive to KOR agonists, although they did use 10 and 30 uM of U50,488 and TRK820 in their
studies. High drug concentrations do suggest non-KOR mechanisms as above. In addition, the tumor grafts were
all subcutaneous, whereas our tumors were implanted in intramedullary bone. The well-vascularized bone
location could have minimized the need for de novo angiogenesis compared to a subcutaneous solid tumor, and
should be kept in mind when evaluating the breadth of use of KOR agonists as tumor angiogenesis blockers.
One last difference is that whereas Yamamizu and colleagues began drug administration 2 days post-tumor
implantation, we began treatment 7 days post tumor implantation into the bone. It is possible that tumor
angiogenesis within the bone has been established at that point, and therefore cannot be blocked or reversed
by the KOR agonist. This deserves further study to examine whether prevention of angiogenesis by early
treatment with a KOR agonist may diminish tumor growth by blocking angiogenesis whereas later treatment with
a KOR agonist may fail to alter tumor growth or angiogenesis. This may be particularly relevant in the bone

marrow in which the tumor may rapidly fill the marrow space.

Our data indicates that repeated administration of KOR agonist across 7 days fails to worsen disease
progression as measured by tumor growth or bone remodeling. However, the KOR agonist blocked tumor-
induced spontaneous flinching, a measure of ongoing pain, as well as impaired limb use without altering tactile
hypersensitivity. Our data also suggests that chronic dosing of U50,488 has a long-lasting anti-nociceptive
benefit even 12 hours after the last drug injection. Such observations suggest that KOR agonists may be

beneficial in pain management, particularly for ongoing cancer bone pain, without worsening or accelerating

15



disease progression. Further studies are required to test the utility of KOR agonists in treating CIBP without
adverse effects of MOR agonists including somnolence, constipation and nausea, development of analgesic
tolerance, and the potential for enhanced tumor-induced bone loss. Further studies with peripherally restricted
or functionally selective KOR agonists will also be required to determine if the dysphoric effects of centrally acting
KOR agonists can be avoided in cancer patients, and to determine any potential interactions with typical cancer

treatments such as chemotherapy.
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Figure Legends

Figure 1. Systemic daily administration of a moderate dose KOR agonist partially reverses tumor-
induced spontaneous pain but not tactile hypersensitivity. Tumor bearing mice or sham-treated controls
were measured for spontaneous and evoked pain behaviors pre-surgery (baseline; BL), pre-injection baselines
on days 7, 10, and 14, and in a time course (0.5-8 hrs) after injection on those days. Beginning on day 7, all mice
were injected twice daily (every 12 hrs) with vehicle (distilled water) or U50,488 (10 mg/kg, s.c.). The behaviors
measured were spontaneous flinching (A), limb use scores (B), limb guarding (C), and evoked tactile
hypersensitivity (D). Data reported as the mean = SEM, n = 4-10 mice/group. *, **, *** **** = n<(.05, 0.01, 0.001,
0.0001 for CIBP-Veh and CIBP-U50 vs. Sham-Veh or Sham-U50 groups; #, ##, ###, #### = p<0.05, 0.01, 0.001,
0.0001 for CIBP-Veh vs. CIBP-U50; both by 2 Way ANOVA with Bonferroni post-hoc test. CIBP groups develop
significant spontaneous and evoked pain on all measures by day 10 at latest. U50,488 treatment only had a
small acute effect on limb use and hypersensitivity on day 7, but a large effect on all spontaneous pain but not

evoked pain on day 10 and 14. On day 14, pre-injection baselines were already improved to drug-treated levels.

Figure 2: Area under the curve and 4 hour time point measurements of KOR agonist treatment in tumor-
induced pain. The data from Figure 1 was analyzed for area under the curve (AUC) of the entire treatment
time course, along with highlighting behavioral effects at 4 hours post-injection, a consensus peak effect time for
drug administration. This was done for spontaneous flinching (A), limb use scores (B), limb guarding (C), and
evoked tactile hypersensitivity (D). Data reported as the mean + SEM. *, ** *** **** = n<(.05, 0.01, 0.001, 0.0001
for CIBP-Veh and CIBP-U50 vs. Sham-Veh or Sham-U50; #, ##, ###, #### = p<0.05, 0.01, 0.001, 0.0001 for
CIBP-Veh vs. CIBP-U50. 4 hour time point data analyzed by 2 Way ANOVA, AUC data by 1 Way ANOVA, both
with Bonferroni post-hoc test. The data confirmed that 10 mg/kg U50,488 treatment significantly but partially

reversed measures of spontaneous but not evoked pain on days 10 and 14.

Figure 3: Systemic daily administration of a high dose KOR agonist fully reverses tumor-induced
spontaneous pain, but not tactile hypersensitivity. Behavior measured 4 hours after the final injection on
day 14. A) Tumor bearing mice had increased numbers of flinching episodes 14 days post cancer cell
implantation. Treatment with U50,488 (40 mg/kg, 2x daily across 7 days) blocked tumor-induced flinching, with

values resembling those of baseline controls. norBNI pre-treatment (10 mg/kg, sc, 1x/day) had no effect on its
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own, but fully reversed the effects of U50,488 treatment. **** p < 0.0001 vs. Day 0 Vehicle group; #### p <
0.0001 vs. Day 14 all other groups. B) Day 14 tumor-bearing mice showed impaired limb use compared to
baseline observations. U50,488 treatment blocked the tumor-induced impaired limb use, with limb use ratings
similar to baseline controls. norBNI pre-treatment had no effect on its own, but fully reversed the effects of
U50,488 treatment. **** p < 0.0001 vs. Day 0 Vehicle; #### p < 0.0001 vs. Day 14 all other groups. C) Tumor-
bearing mice developed tactile hypersensitivity 14 days post cancer cell implantation. Treatment with U50,488
failed to block tumor-induced tactile hypersensitivity. norBNI pre-treatment had no effect on its own, or prior to
U50,488 treatment. **** p < 0.0001 vs. Day 0 Vehicle. Graphs represent mean + SEM, n = 7-12/group (2 sets of

independent experiments, see Methods).

Figure 4: Systemic daily administration of a KOR agonist failed to alter tumor-induced bone remodeling.
A) Representative radiograph images showing 3 tumor-bearing mice treated twice daily across 7 days with
distilled water (DI H20, left column) or with U50,488 (right column). Arrows indicate tumor-induced bone
remodeling. The images indicate mixed osteoclast (dark areas) as well as osteoblast (white areas) bone
remodeling. White arrows indicate regions of mixed osteolytic/osteoblastic bone remodeling. B) Rating of the
tumor-bearing bones demonstrates equivalent levels of tumor-induced bone loss in the distilled water and drug

treated mice.Graph represents mean + SEM, n = 7-12/group (from Figure 3), p > 0.05.

Figure 5: Systemic daily administration of a KOR agonist failed to alter tumor burden 14 days following
tumor implantation. A) Representative H&E stained bone sections demonstrating tumor within the
intramedullary space. Brackets indicate areas of tumor within the bone. B) Calculation of the percentage of total
marrow space that had tumor was calculated. Both vehicle-treated and U50,488-treated mice demonstrated an
equivalent amount of tumor growth within the marrow space. For image analysis, 6 sections per femur that
contained the marrow space were randomly selected for analysis using Image J (NIH). Femurs from 4 vehicle

treated and 4 U50,488 treated mice were analyzed. Graph represents mean + SEM, p > 0.05.

Figure 6: KOR agonist causes cell death at very high concentrations. Cells were grown over 3 days with
vehicle or concentration curves of U50,488, and the level of proliferation measured each day by MTS assay. The
data was normalized to the value for the Day 1 vehicle, and reported as the mean £+ SEM. N=3 independent

experiments for each cell line. The values were fit with a nonlinear curve using GraphPad Prism, and the resulting
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ICso and Hill Slope values determined (reported in Table 1). U50,488 causes cell death at high micromolar

concentrations.

Figure 7: Daily drug replacement does not alter KOR agonist anti-proliferative potency. MDA-MB-231 cells
were grown over 3 days in the presence of vehicle, 10 puM, or 100 pM U50,488, which was replaced daily.
Proliferation was measured each day by MTS assay, and normalized to the Day 1 vehicle value. The data is
reported as the mean + SEM, n=3 independent experiments. *** ****p<(0.001, 0.0001 vs. same day vehicle group.
100 pM U50,488 causes strong cell death, while 10 uM was not different from vehicle, meaning the potency did

not improve with daily replacement.

Figure 8: KOR antagonist co-incubation does not alter KOR agonist induced cell death. All human cancer
cell lines were grown for 3 days in the presence of vehicle, 100 uM U50,488, 100 uM nor-BNI, or U50 + nor-BNI.
Proliferation was measured each day by MTS assay, and normalized to the Day 1 vehicle value. The data is
reported as the mean £ SEM, n=3 independent experiments. *** *** ****n<(. 05, 0.01, 0.001, 0.0001 for U50,488
vs. same day vehicle control group; ©, °°, 000 0000h<(,05, 0.01, 0.001, 0.0001 for U50 + norBNI vs. same day
vehicle control group. U50,488 alone causes strong cell death, which is not altered by norBNI co-incubation.

NorBNI alone also has no significant effect when compared to vehicle treatment.

Figure 9: Alternate high potency KOR agonist causes less cell death than U50,488. All human cancer cells
were grown over 3 days in the presence of vehicle, 10 uM, or 100 uM GR89696, a KOR agonist with higher
potency and selectivity than U50,488. Proliferation was measured each day by MTS assay, and normalized to
the Day 1 vehicle value. The data is reported as the mean + SEM, n=3 independent experiments. ***p<0.05,
0.01 vs. same day vehicle control group. GR89696, at best, causes only slight cell death at 100 uM, and only on

Day 3, which is less than the effect of U50,488.
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Table Legend

ICso and Hill Slope values calculated from the nonlinear fitted curves in Figure 6. Values reported as the mean
+ SEM. ICso values are in the high micromolar range, and generally decrease over the 3 day treatment period.
Hill Slope values are negative since the curves are inhibitory, but are all much steeper than the traditional

inhibitory hill slope of -1.0. This suggests that the fitted curves do not match a typical receptor binding model.
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Table 1

U50,488 Proliferation 1Cso (M) Hill Slope

Cell Line Day 1 Day 2 Day 3 Day 1 Day 2 Day3
A549 128.6 + 10.1 775+7.8 58.3+7.2 -2.6+0.3 -3.4+04 -5.0+2.2
LNCaP 230.7+10.1 | 180.2+10.7 | 146.0+12.3 -3.7+0.6 -3.4+04 -3.4+1.2
MCF7 238.3+17.7 | 139.6+19.1 | 84.2+19.1 -18.2+6.2 -2.1+0.1 -29+1.0
MDA-MB-231 | 264.7+7.5 103.1+6.7 67.6+2.9 -14.8+4.2 -3.7+0.4 -13.0+45
SK-BR-3 268.6 £54.0 | 150.9+16.0 | 1485+2.2 -2.1+0.6 -24+0.3 -2.7+05
66.1 79.0+24 36.2+0.8 36.1+1.1 -1.3+0.1 -26+0.1 -4.4+0.2
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 8
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