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Abstract

Metastatic bone pain is the single most common foincancer pain, and persists as a result of perghtand
central inflammatory, as well as, neuropathic madms. Here, we provide the first characterizatbn
sphingolipid metabolism alterations. in the spinaidcoccurring during cancer-induced bone pain (GIBP
Following femoral arthrotomy and syngenic tumor lamation in mice, ceramides decreased with
corresponding increases in sphingosine and thetweasphingolipid metabolite, sphingosine 1-phagph
(S1P). Intriguinglyde novo sphingolipid biosynthesis was increased as showhdglevations of
dihydroceramides and dihydro-S1P. We next idewtifiee S1P receptor subtype 1 (S1PR1) as a nogeit thor
therapeutic intervention. Intrathecal or systendimanistration of the competitive and functional 1P
antagonists, TASP0277308 and FTY720/Fingolimodyeesvely, attenuated cancer-induced spontaneous
flinching and guarding. Inhibiting CIBP by systendielivery of FTY720 did not result in antinocicei
tolerance over 7 days. FTY720 administration enbdnt-10 in the lumbar ipsilateral spinal cord dB@
animals, and intrathecal injection of an IL-10 melizing antibody mitigated the ability of systen#€Y720 to
reverse CIBP. FTY720 treatment was not associat#alierations in bone metaboligmvivo. Studies here
identify a novel mechanism to inhibit bone canca@ngby blocking the actions of the bioactive metdabs S1P
and dihydro-S1P in lumbar spinal cord induced byebcancer and support potential fast-track clinical
application of the FDA-approved drug, FTY720, deexapeutic avenue for CIBP.
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1. Introduction

Cancer pain encompasses all pain states due ta meoapation of soft tissue or bone and peripheral
neuropathy resultant from chemotherapeutic treatrf#t]. Bone pain (cancer-induced bone pain, CIE&P)
reported by 30-50% of all cancer patients and by¥0% of late-stage patients [50]. CIBP is driven &y
combination of peripheral (tumor-associated) skdleinflammatory and neuropathic mechanisms [36].
Innovations in the treatment of bone cancer paiweharimarily focused on the development of adjunct
therapeutics addressing secondary bone loss anérability to painful skeletal-related events. Hoe® no
therapeutic strategies to date target the neurmpatachanisms of CIBP. In a clinical study, 24%ypatients
with metastatic bone pain exhibited neuropathiduies [45]. Furthermore, the persistence of neulopa
characteristics following remission is hypothesitedinderlie continued pain in recovering patigt. Thus,
the need for efficacious therapeutic interventioather than palliative care is crucial as the propo of
patients recovering from metastatic cancer incieabetter understanding of the neuropathic feataras
therapeutic targets of CIBP are critical to theedepment of such strategies.

Ceramide is a pro-inflammatory, pro-apoptotic sgblipid whose metabolism has recently been
associated with pain [51; 57]. Ceramide is formembughde novo synthesis from condensation of palmitate
and serine to form dihydrosphingosine, which islateg to dihydroceramides and then desaturated to
ceramides. Catabolism of sphingomyelin and glyaisg ceramides in the lysosome also generates iceram
through the salvage pathway [31]. Ceramides argadeg to sphingosine that can be phosphorylated by
sphingosine kinase to sphingosine-1-phosphate (S1p9tent inflammatory sphingolipid metabolite J[Sdat
has a causative role in a variety of persistemnt ptites by binding to the S1P receptor 1 (S1PRthe nervous
system [51]. In addition to the role of the ceramnid-S1P pathway in peripheral inflammation andhjab;

18], elevated ceramide and S1P levels in the spinall have been suggested to play a critical role i
neuropathic pain [26; 47]. For example, elevationspinal S1P mediate the induction and maintenarice
paclitaxel-induced peripheral neuropathic pain tiaat be prevented or attenuated by the adminctrati S1P
receptor subtype 1 antagonists [26]. However, therkttle known about these sphingolipid metataditin
CIBP.

Here, we propose an alteration in spinal sphingblgontent may underlie the maintenance of CIBP in
a syngeneic 66.1-BALB/c murine breast cancer masasmodel. In the lumbar region ipsilateral to tin@or-
bearing limb, we observed changes in the sphinigbbplvage pathway that lead to dihydro-S1P syighes
another ligand of S1PR1. Moreover, increased dedi@d of ceramides leads to increases in S1P and
accordingly, blockade of spinal S1PR1 signalingfquodly attenuated spontaneous cancer-related pain
behaviors. We demonstrate for the first time treabiivity of spinal sphingolipid metabolites S1Rlatihyro-
S1P and the ensuing neuroinflammation are critoahponents of CIBP. These findings identify S1RR%

potential therapeutic target alone or as an adjtinetapy to address the neuropathic qualities dPCI
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2. Materials and Methods

2.1. Experimental Animals

Female BALB/c mice (18-20g; Harlan, IN, USA) wereused in a climate-controlled specific pathogeme-fre
room (12-h light/dark cycle) witlad libitum access to food and water. Estrous cycles were owmiratled
because the study (14 days) was longer than thdads estrous cycle and female mice were housedatefy
from male mice to induce assumed anestrus [1].i&uwdere conducted by a blinded observer between th
hours of 08:00-12:00 in accordance with the Inteomal Association for the Study of Pain, the Natb
Institutes of Health and with the approval of then® Louis University and University of Arizona kitstional

Animal Care and Use Committees.

2.2. Cell Culture
Murine 66.1 cells were grown at 37°C under 5%,0G® Eagle’s minimum essential medium (Mediatech,
Manassas, VA), containing 10% fetal bovine seruff) 1U/ml penicillin and 100 pg/mL streptomycin, as

previously described [36]. Alh vivo andin vitro assays used cells passaged 10-20 times.

2.3.  Femoral arthrotomy

Mouse femoral arthrotomy was performed as previodstcribed by our laboratory [35]. Briefly, animabere
anesthetized (80 mg/kg ketamine, @®y/kg xylazine in 10 ml/kg, i.p.) and the condylafsthe right distal
femur were exposed. The femur was arthrotomizedaapldcement needle was inserted to verify acaetset
intramedullary space via radiographic imaging (Eaxi, Lincolnshire, IL, USA). A suspension of 66.1
mammary adenocarcinoma cells (4%1h growth medium or growth medium alone was itgecinto the
intramedullary space of the femur and the injectit@ was sealed with dental amalgam. Animals \a#osved

a 7-day period for surgical recovery and tumor festation. All treatments were initiated on or afp®st-
surgery day 7. For intrathecal drug administratianimals were lightly anesthetized with 3% isofhetD,
inhalation (maintained on 2% isoflurangjOthe skin over the lumbar region of the spine wsasved,
disinfected, and a percutaneous injection intoltimbar intrathecal space was performed. For subeotss
infusion studies, animals were anesthetized agitbesicabove and a small (<1 cm) incision was mazte/den
the shoulder blades where a primed subcutaneousticsminipump (Alzet #1007D; 0.5 pl/hour for 7 days
containing drug or vehicle control was insertede Tircision was closed with surgical adhesive amdatiimals

were monitored post-operatively.



2.4. Test Compounds

TASP0277308 was synthesized as previously repdi8il Fingolimod (FTY720) was purchased from
Cayman Chemical (Ann Arbor, MI, USA). Sheep antiHia10 IgG antibody was a generous gift from Dr.
Linda Watkins at the University of Colorado Bould&he rat IL-10 neutralizing antibodies were raised
sheep at the National Institute of Biological Stami$ and Control (South Mimms, Hertfordshire, UKda
purified by Avigen (Alameda, CA, USA) and have besdtown to specifically block IL-10 signaling when
intrathecally administered [34; 53]. Control sheepum IgG was obtained from Sigma Aldrich (St. lsptO,
USA).

2.5. Behavioral Testing

Pain behaviors were measured in mice prior to sur(say 0, baseline, BL) and evaluated again ort-pos
surgery day 10 for acute treatment studies or 8 @dal10 and 14 for continuous treatment studiesevialuate
spontaneous pain behaviors, mice were acclimate@@ominutes in individual chambers with a wire mes
floor. Flinching and guarding behaviors were theseyved over 2 minute periods. Flinching was chareed

by rapid flexion and lifting of the right hind pawhen not associated with locomotion. Guarding was
characterized by the retraction of the right hinabl under the torso. CIBP is defined as a significifference

in the number of flinches or seconds guarding @ity >5 flinches and 5 seconds guarding over a 2-minute
period) when compared to behavior prior to femawhrotomy on day 0. When behavior is expressed as
%Reversal of CIBP, the data for each animal wamabred against its baseline (day 0) and its peak (day

7) according to the following equation: %ReverdaCtBP = (behavior at — behavior at day 7) / (behavior at

day O — behavior at day 7) x 100, wheig the time point measured.

2.6. Sphingolipid analysis by mass spectrometry

Portions of mouse spinal cords from lumbar regipsilateral to femoral injection site of 66.1 cellere
harvested and placed into 13 x 100 mm borosilitsttes with a Teflon-lined cap (VWR, West ChesteX).P
Lipids were extracted by adding 2 ml of €bPH and 1 ml of CHGltogether with the internal standard cocktail
from Avanti Polar Lipids (Alabaster, AL) which waslded to samples in 20 ethanol:methanol:water (7:2:1)
as a cocktail of 500 pmol each. Standards for ghihbases and sphingoid base 1-phosphates wezarb@n
chain length analogs: C17-sphingosine; C17-dihymhimgyosine; C17-sphingosine-1-phosphate (S1P); and
C17-dihydrosphingosine-1-phosphate (dihydro-S1Bgndards for N-acyl sphingolipids were C12-fattydac
analogs: C12-Cer, N-(dodecanoyl)-sphing-4-enine8C12:0); C12-Cer 1-phosphate, N-(dodecanoyl)-
sphing-4-enine-1-phosphate (d18:1/C12:0-CerlP); -sptngomyelin, N-(dodecanoyl)-sphing-4-enine-1-
phosphocholine (d18:1/C12:0-SM); and C12-glucosglcede, N-(dodecanoyl)-g-glucosyl-sphing-4-enine.
Samples were dispersed by sonication and inculztd8°C overnight. After cooling, 150 of 1 M KOH in

CH3;OH was added to cleave glycerophospholipids. Etdraere neutralized with 12 of glacial acetic acid,
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centrifuged, supernatants transferred to new tabesevaporated to dryness with a speed vac. Residere
reconstituted in 0.5 ml of starting mobile phasévesat for liquid chromatography-electrospray ioniaa-
tandem mass spectrometry (LC-ESI-MS/MS), sonicatesitrifuged, and clear supernatants transferred to
autoinjector vials for analyses. Sphingolipids weeparated by reverse-phase HPLC coupled to andx S
5500 quadrupole/linear ion trap (QTrap; SCIEX Fraghiam, MA) operating in triple quadrupole mode, as

described previously [9].

2.7. Cytokines microbead assay
The levels of cytokines within the dorsal lumbamsp cord were assessed using a commercially dtlaila
magnetic multiplex cytokine kit (Bio-Rad Labora&s). Samples were processed as previously des¢ébgd

according to manufacturer’s protocol.

2.8. Bone Loss Scoring

Digital radiographs of the lower extremities weakdn following behavioral testing on days 0, 7 &4AdMX20

DC12, Faxitron XRay, Lincolnshire, IL, USA). Bonesk was rated by an observer blinded to treatnreunipg
according to a modified 5 point scale: 0 = normat small radiolucent lesions, indicative of borestduction
(1-3 lesions); 2 = increased number of lesions (8stons); 3 = full-thickness unicortical fracturg;= full-

thickness bicortical fracture [4]. Animals receigia score of 4 were humanely euthanized and extlirden

the study.

2.9. Serum Biochemical Assay

Immediately following behavioral testing on day Idice were anesthetized (80ig/kg ketamine and 12
mg/kg xylazine in 10 ml/kg, i.p.) and whole bloods\vcollected by transcardial puncture. Blood whshald to
coagulate at room temperature for 1 hour beforatisg serum by centrifugation. Serum was storeeB@tC
until use. Serum C-telopeptide fragment of collaggre | (CTX) was quantified using an ELISA accouglito
manufacturer specifications (Immunodiagnostic SysteGaithersburg, MD, USA) with a detection limft
ng/ml and 50 ng/ml.

2.10. Statistical Analysis of Data

Data are expressed as mean + SEMnfanimals. The ER values for the reversal of flinching and guarding
behavior by test compounds were determined byeetharameter, non-linear regression analysis ohalzed
data. Time-dependent behavior was analylgda two-tailed, two-way ANOVA with Bonferrompost hoc
comparisons. Pairwise comparisons were made usWgleh’s corrected, unpaired, one-tailed Studentést.
The false discovery rate (FDR) for the multiplerpgse comparisons of the lipidomic data was coigtbby

Benjamini-Hochberg (B-H) procedure (q<0.05). Sigraint differences were defined as p<0.05 for athda
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except lipidomic data where significance was definep<0.032. All statistical analyses were perkainising
GraphPad Prism 6.0 (Graph Pad Inc., San Diego,dCMM SPSS Statistics for Windows, Version 21BMI,
Armonk, NY).

3. Results

3.1. CIBP enhances spinal cord levels of dihydro-8land S1P

To examine the relevance of central sphingoliprdsetastatic cancer pain, we profiled the sphipgddmic
changes in the lumbar ipsilateral spinal cord ahdée mice by LC-ESI-MS/MS 14 days after femoral
arthrotomy and inoculation of spontaneously-ocagrrmurine breast cancer 66.1 cells, a commonly used
model of CIBP [35]. There were significant redungan the levels of almost all ceramide spedteg.(1A) and
monohexosylceramide$ig. 1B), yet no major changes in levels of sphingomyelere observedHg. 1C).
These data suggest that ceramide degradation bynmise(s) that cleave all ceramide acyl chainiepas
increased in the lumbar spinal cord of bone tunearing mice. This was accompanied by increasedsl®fe
sphingosine, a product of ceramidase activiyg.( 1D), and a corresponding increase in SHRy.( 1E),
catalyzed by phosphorylation of sphingosine by spbsine kinase. In contrast, there were significaereases
of dihydroceramides, an intermediate ide novo sphingolipid biosynthesis F{g. 2A), and
monohexosyldihydroceramided=ig. 2B) but not dihydrosphingomyelinsFig. 2C). Intriguingly, while
dihydrosphingosine remained unchangeid (2D), significant increases of dihydro-S{Hg. 2E) in the spinal
cord were observed, further indicating sphingo&inase activation in the spinal cord during CIBP.

3.2. Intrathecal and systemic administration of S1R1 antagonists reverses CIBP pain behaviors

Because both S1P and dihydro-S1P are ligands dRSHAd our laboratory has previously demonstraiat t
S1PR1 mediates the neuropathic and pro-nociceppisdities of S1P in the spinal cord [26; 51], wextne
evaluated whether increases in S1P and dihydroas&PRunctionally relevant in CIBP by pharmacolodica
targeting the S1PR1. Following the establishmenCi&P (day 11), animals were administered an in&eal
injection of vehicle, SIPR1 antagonist TASP0277@&)&r functional antagonist FTY720 [3]. Administi@n

of TASP0277308 or FTY720, but not their vehiclgidly (<30 min) reversed flinching and guarding behavior
with an effect that peaked within 30 min and reedhby 3 h Figs. 3A, B. Whereas these results suggest a
spinal site of action of the S1PR1 antagonists,camnot of course exclude potential contributingeet§ of
S1PR1 antagonists on S1PR1 expressed on DRG namdrismmune cells as some drugs are known to access
the DRG site post i.th. injection [51].

To evaluate the clinical applicability of a S1PRitgeted strategy, FTY720 was administered systédiyitca
CIBP animals. FTY720 rapidly<B0 min) and dose-dependently reversed flinching@ratding behavior with
an effect that peaked within 1.5 h and resolve® ly(Figs. 3C, D. Animals displayed no qualitative signs of

sedation or motor impairment.



3.3. Continuous reversal of CIBP by S1PR1 antagorsgsrequires spinal IL-10 signaling

CIBP is a progressive pain state; therefore thesgare highly vulnerable to the development ofrémlee and
loss of their efficacy to treat CIBP. Indeed, tHmical failure of current therapies is most oftdoe to
antinociceptive tolerance and disease-related maogression [33; 48]. Therefore, on days 7-14, we
administered either a single daily injection of R0 (1 mg/kg/d, i.p.,Figs. 4A, B or continuous
subcutaneous infusion of FTY720 (1 mg/kg/d, s.enatic minipump,Figs. 5A, B to CIBP animals. In both
therapeutic paradigms, FTY720, but not its vehislgnificantly attenuated flinching and guardinghaeors
when measured on days 7 and 14. There was noisagtifdlecrease in the antinociceptive efficacy BYF20

observed over a 7-day period.

3.4. Involvement of IL-10 in suppression of CIBP byFTY720

To determine the mechanisms involved in S1PR1-rmedliscontinuous antinociception in CIBP, we
investigated the previously reported anti-neuraiminatory effects of FTY720 [7] in our model of CIBP
Using a microbead cytokine screen (Bio-Rad, HeguBA, USA), the treatment-associated alterationBNF,
IL-1B, IL-6, IL-10, and MCP-1 levels in the ipsilatetambar spinal cord on day 14 of CIBP were measured.
Preliminary overview of the changes revealed tteateficial effects of FTY720 given subcutaneousky a&n
implanted minipump were associated with attenuabbrspinal expression of pro-inflammatory I13-Jand
promoted spinal expression of anti-inflammatory 1. -relative to untreated tumor-bearing controlst (no
shown). To evaluate the functional relevance ohalpiL-10 in FTY720-mediated relief of CIBP, we co-
administered an intrathecal IL-10 neutralizing botly or IgG control on days 10 and 14 during cardirs
subcutaneous infusion of FTY720. In previous rodeih studies by Sloane et al., an intrathecal @dghis
IL-10 neutralizing antibody blocked the ability ofcombinant IL-10 overexpression in the spinal ctord
provide short and long-term reversal of mechanodghia within hours of its administration [53]. Her
intrathecal administration of IL-10 neutralizingtidnody, but not 1gG control, rapidly<60 min), completely,
and reversibly abrogated FTY720 antinociceptionboth days 10 and 14igs. 5A, B indicating that the

S1PR1 blockade elicited continuous IL-10 signabsg mechanism of pain relief in CIBP.

3.5. Reversal of CIBP by FTY720 is unrelated to changeaa bone growth

Multiple peripheral and central generators of neptmn contribute to the state of CIBP [17]. To twohfor
bone and tumor-related effects of FTY720, radiogsapvere taken on days 0, 7 and 14. Neither FTY720 (
mg/kg/d, i.p.) nor its vehicle (5% DMSO control)feafted the number of observed translucent (osteplyt
lesions in tumor-bearing animals; similarly no effewere observed in the sham control grdtigq. 6A,B). In
serum harvested from these same animals on dayutr burden was associated with an elevation in

collagen-type | fragment (CTX) as compared to sktamtrol Fig. 6C), but FTY720 treatment did not alter
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circulating CTX in sham or tumor-bearing animalsg( 6C). These data suggest that repeated dosing of
FTY720 does not alter bone metabolism in CIBP &edefore did not produce anti-nociception by redgche
frequency of skeletal-related events.

3. Discussion

Despite its prevalence, metastatic bone pain islpoganaged in patients using combinations of @soi
and adjunct therapeutics [10]. The prevalence okbwain is largely due to the propensity of epitgtalrigin
cancers to colonize the heavily vascularized aoédbe skeleton, such as the red marrow of the looges,
sternum, pelvis, ribs and vertebrae [6]. Using anmary adenocarcinoma (66.1 breast cancer cells) &0
BALB/c mouse and placing the cells into the intrdoitary space of the femur, we create_a syngenic
(immunocompetent) murine model of breast cancewmded bone metastasis [35] with the dysregulation of
bone resorption and deposition that yields ostesticlaand osteoblastic lesions [43] and spontangmais
similar to human metastatic bone cancers [43]. U$e of this syngenic model and a murine speciesepto
inflammation [41] better represents the pro-inflaatony state seen in human metastatic cancers [42].
Unfortunately, cancer pain is ineffectually manageth non-steroidal anti-inflammatory drugs andags in
>30% of patients [55]. WHO guidelines for cancempamanagement have remained unchanged since 1996
[58], which underscores the need for novel therapaievelopment. Characterizations of CIBPvivo have
demonstrated the formation of peripheral neuropatbBatures at the site of bone-tumor burden, sweh a
neuroma formation and the disruption of periosteamlervation [28; 38], as well as central neuropathi
pathology in the dorsal horn [23; 60] and spin&h ¢62]. In a clinical study, 24% of patients withetastatic
bone pain exhibited neuropathic features [45]. Hamhore, the persistence of neuropathic charatitsris
following remission is hypothesized to underlie wowmed pain in recovering patients [10]. Resultssented in
this manuscript unravel a previously unrecognizelé for dysregulated sphingolipid metabolism and th
S1PR1 axis in the central nervous system in netiapeharacteristics of CIBP using an establishedieh of
breast-origin CIBP [35].

For the first time, we demonstrate that painful®eral bone tumor burden elicited alterationsgimal
cord sphingolipid metabolism. These changes maiesept a novel central neuropathic characteri$t@iBP.
When compared to sham control animals, intra-fermaincer animals displayed consistent decreases in
monohexosylceramides and ceramides in tandem wdteases in pro-nociceptive S1P in the lumbar $pina
cord ipsilateral to the neuro-innervation of fentwmor burden. The decrease of ceramide and itogyated
metabolites is consistent with enhanced lysosoregtratiation and the salvage pathway [31]. On theroth
hand, the increase in dihydroceramides implicateseasedle novo sphingolipid biosynthesis a manner that
favors the formation of dihydro-S1P. It is possitilat the ipsilateral input from the femur-innodath cancer
cells may alter sphingolipid metabolism in otheingpcord segments (i.e., thoracic or cervical fondwever,

our studies focused on the ipsilateral lumbar cdué to the rapid behavioral response of FTY720r afte



intrathecal administrationr<BOmin). Altered spinal sphingolipid metabolism occin neuropathic rodents [26;
29; 47; 51; 57] and is implicated in neuronal cgdlath following both nerve injury [14] and ischemia
reperfusion injury [15]. Moreover, S1P levels inetlumor microenvironment are greatly increased by
sphingolipid metabolism in tumor cells, erythrog/tand platelets that in turn promote tumor migrgtio
proliferation and angiogenesis [44; 49]. It is impat to note that while 66.1 cells implanted aedled into the
bone do not metastasize within the 14-day testodein the absence of fracture [32] and are noti\like
contribute directly to increased S1P in the spawatl, local increases in S1P in the tumor-bearimgebcould
sensitize peripheral afferents [11; 30; 46] andrwte the development of CIBP and spinal S1P prooiudty
provoking adaptive glutamatergic and neuroinflamonathanges in the spinal cord [51]. S1P has emeagea
key regulatory molecule in breast cancer [22; 3];ahd thus, reduction of its levels by FTY720 amaltering
S1P signaling may reduce breast cancer growth and metastasis and may partially be responsibléhtor
decrease in CIBP, supporting its clinical use inasgtic cancers.

The functional relevance of increases in spinatl devels of S1P and dihydro-S1P was validated using
the S1PR1 antagonist TASP0277308 and the functemalgonist FTY720. FTY720 is an orally bioavai&bl
highly CNS-permeant [5; 7] drug that is currentfgpeoved for the treatment of relapsing-remittingltple
sclerosis [24]. Importantly, FTY720 requires phasptative bioactivation by sphingosine kinase 2 $52].
Binding of FTY720-P to S1PREsults in its rapid ubiguitination, proteasomag@elation, and irreversible
down-regulation [20; 56] and accordingly, explaihe functional antagonistic actions of FTY720 [8]order
to control for the bioactivation requirement anadtional antagonist nature of FTY720, TASP02773@& w
selected as an S1PR1-specific competitive antagtas does not require bioactivation. Indeed, FZY¥ and
TASP0277308 demonstrated near-identical reversaCl8P pain behaviors, validating the importance of
S1PR1 signaling in CIBP.

Critically, our data demonstrates that FTY720 pdesi continuous relief from CIBP in a fashion that
requires the anti-neuroinflammatory effect of IL-Mhile initial thoughts indicated that clinicallybserved
effects of FTY720 were due to lymphoid sequestraf®f], new evidence suggests that an effect ca aghd
specifically astrocytes may underlie FTY720-mediateeuroprotection [13]. S1P regulates cell statod a
neuroinflammation via S1PR1, S1P&8® S1PRS5 on astrocytes [12; 59], oligodendrocgtes microglia [40].
Astrocytic S1IPR1 expression is increased followimgammatory activation by LPS or TN vitro [27].
Because astrocytes are a key source of IL-10 irCIN8 [32], it is possible that targeting S1PR1 pices an
anti-inflammatory shift in astrocytic phenotypeGiBP. Astrocyte-derived IL-10 plays a vital roleregulating
microglial phenotype and neurotransmission in tippdcampus [2] and furthermore, astrocyte-deritedQ is
reported to limit signaling-related neurotoxicity vivo [61]. Therefore, it is possible that FTY720-meddht
antinociception continuously elicits the productioihglial IL-10 as a neuromodulator that reducesroglial
activation and, critically, limits the extent ofta@tion in the lumbar spinal cord ipsilateral tojury. In

conclusion, our work pioneers the characterizatodnsphingolipid alterations in the lumbar spinalrcco
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ipsilateral to painful bone tumor burden using ithenune-competent, murine model of metastatic boseade.
We demonstrate that the S1PR1 axis plays a crititalin CIBP, and attenuation of this axis throaghIL-10
dependent mechanism abrogates clinically relevaim Ipehaviors in mice. These findings support thiegtial

fast-track clinical application of the FDA-approvedig, FTY720, as a therapeutic avenue for CIBP.
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Figure captions.

Figure 1. Decreased ceramide and increased S1P in spinad ob®b6.1 bone tumor bearing mice, a model of
cancer-induced bone pain. Lumbar spinal cord ifesid to the site of arthrotomy was harvested 1y geost-
surgery from sham and 66.1 tumor-bearing mice gihgolipid levels determined by LC-ESI-MS/MS. (A)
Total ceramide and ceramide acyl chain speciesT @&l monohexosylceramide and its acyl chain gs¢C)
Total sphingomyelin and its acyl chain species. $phingosine and (E) S1P. Graphs are representstiveo
individual experiments and lipidomic analyses. Data expressed as mean + SEM for n=5 mice/group and
analyzed by Welch’s corrected, unpaired, one-taBéadent’s t-test. False discovery rate was cdetiaby

Benjamini-Hochberg procedure (g<0.05; g*=0.031x6R®3 vs. sham.

Figure 2. Enhancedle novo sphingolipid biosynthesis and increased dihydrE-&els in spinal cords of 66.1
bone tumor bearing mice. Lumbar spinal cord ipsitto the site of arthrotomy was harvested 14 gst-
surgery from sham and 66.1 tumor-bearing mice aigiddosphingolipid levels determined by LC-ESI-
MS/MS. (A) Total dihydroceramide and its acyl chapecies. (B) Total monohexosyldihydroceramide igsxd
acyl chain species. (C) Total dihydrosphingomyalml its acyl chain species. (D) Dihydrophingosind €E)
dihydro-S1P. Data are representative of two indigldexperiments and expressed as mean + SEM for n=5
mice/group and analyzed by Welch’s corrected, usgaione-tailed Student’s t-test. False discovatg was
controlled by Benjamini-Hochberg procedure (g<0%;0.031). *P<0.03 vs. sham.

Figure 3. S1PR1 antagonists attenuate spontaneous flinchiog gaarding CIBP behaviors. Mice were
evaluated on day 11 when they displayéed fiinches and_$0 seconds guarding over a 2-minute period.
Treatment was administered at t=0 and mice weredesntil the effect resolved. (A) When compared to
vehicle (3% DMSO controk>; n=6), intrathecal administration of TASP027738&ol; l; n=9 or 10 nmol;
A; n=8) or FTY720 (3 nmol®; n=7) attenuated CIBP-induced flinching. (B) Like®e; guarding behaviors
were attenuated with intrathecal administrationTéiSP0277308 (3 nmoll; n=9 or 10 nmol;A; n=8) or
FTY720 (3 nmol;®; n=7) when compared to vehicl®( n=4). Dose-response flinching (C) and guardiny (D
behaviors to intraperitoneal FTY720 (0@; 0.3, H; or 1.0 mg/kg,A; n=8) compared to vehicleC(; n=4).
Data are expressed as mean + SEM for (n) animalsamalyzed by two-tailed two-way ANOVA with

Bonferroni comparisons. *P <0.05 vs. t=0h.

Figure 4. Systemic administration of FTY720 is not subjectdterance. FTY720 (1 mg/kg/d, i.p.) or vehicle
(5% DMSO, i.p.) was administered once daily fronstpgurgical days 7-14. Flinching (A) and guardiig (
behaviors are shown before and 1 h after drug adtration on the first (day 7) and last (day l4ysiaf
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treatment. Data are expressed as mean + SEM fo@ msite/group and analyzed by two-tailed two-way

ANOVA with Bonferroni comparisons. *P <0.05 vs. sihandtP <0.05 vs. daily baseline

Figure 5. The beneficial effects of FTY720 on CIBP are IL-d€pendent. On post-surgical day 7 when mice
exhibited sufficient CIBP behaviors (>5 flinchesdarnl0 seconds guarding over a 2-minute period, dfys
14), mice were implanted with 7-day subcutaneousipumps containing FTY720 (1 mg/kg/d). When
measured on days 10 and 14, FTY720 micropump mfuseversed CIBP flinching (A) and guarding (B)
behaviors. The ability of FTY720 to maintain rexaref CIBP behaviors was attenuated 1 h after tinéal
administration of IL-10 neutralizing antibodyI(10; black arrow; n=8), but not IgG control (n=5). Data are
expressed as mean + SEM for (n) mice and analyzedwnb-tailed, two-way ANOVA with Bonferroni
comparisons#P <0.05 vs. D10 or D14

Figure 6. Repeated administration of FTY720 does not alterebmetabolism. FTY720 (1 mg/kg/d, i.p.) or
vehicle (5% DMSO, i.p.) was administered once daityn post-surgical days 7-14. (A) Sample post-®aig
day 14 sham and tumor-bearing radiographs shovediptransliucent lesions of bone lossite arrows). (B)
Bone loss ratings obtained from blinded - evaluatainradiographs on post-surgical days 0, 7, and 14
(n=10/group). (C) C-telopeptide fragment of collaggpe | (CTX) was measured in serum harvested from
animals on post-surgical day 14 (n=5/group). Dataexpressed as mean + SEM for (n) mice per grogp a

analyzed by two-tailed two-way (B) or one-way (QY@AVA with Bonferroni comparisonsP<0.05 vs. sham
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Fig.2

de novo sphingolipid biosynthesis
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Fig. 3
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Fig. 4
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