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ACVR1-activating mutation causes neuropathic pain
and sensory neuron hyperexcitability in humans
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Abstract \
Altered bone morphogenetic protein (BMP) signaling is associated with many musculoskeletal diseases. However, it remains
unknown whether BMP dysfunction has direct contribution to debilitating pain reported in many of these disorders. Here, we
identified a novel neuropathic pain phenotype in patients with fibrodysplasia ossificans progressiva (FOP), a rare autosomal-
dominant musculoskeletal disorder characterized by progressive heterotopic ossification. Ninety-seven percent of these patients
carry an R206H gain-of-function point mutation in the BMP type | receptor ACVR1 (ACVR172%8M “which causes neofunction to
Activin A and constitutively activates signaling through phosphorylated SMAD1/5/8. Although patients with FOP can harbor
pathological lesions in the peripheral and central nervous system, their etiology and clinical impact are unclear. Quantitative sensory
testing of patients with FOP revealed significant heat and mechanical pain hypersensitivity. Although there was no major effect of
ACVR172%" on differentiation and maturation of nociceptive sensory neurons (iSNs) derived from FOP induced pluripotent stem
cells, both intracellular and extracellular electrophysiology analyses of the ACVR172%®" iSNs displayed ACVR1-dependent
hyperexcitability, a hallmark of neuropathic pain. Consistent with this phenotype, we recorded enhanced responses of ACVR17206H
iSNs to TRPV1 and TRPA1 agonists. Thus, activated ACVR1 signaling can modulate pain processing in humans and may represent
a potential target for pain management in FOP and related BMP pathway diseases.
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1. Introduction

Fibrodysplasia ossificans progressiva (FOP) is a rare autosomal-
dominant musculoskeletal disorder characterized by progressive
heterotopic ossification (HO) of muscle, fascia, ligaments, and
tendons,®* which results in progressive disability and significant
comorbidities. Approximately 97% of patients with FOP carry an
arginine®®® to histidine gain-of-function point mutation in the
intracellular domain of the BMP type | receptor ACVR1
(ACVR1R208% 54 This mutation activates intracellular signaling
through phosphorylated SMAD1/5/8 (0SMAD1/5/8)%* and also
misinterprets Activin A as a BMP ligand, resulting in abnormal
BMP-like signaling.? In addition to the dramatic HO, pathological
changes in the peripheral and central nervous system® appearin
a number of patients with FOP?8357€ put with unclear etiology or
clinical significance. Separately, the recent discovery that 25% of
the patients who suffer from diffuse intrinsic pontine glioma”+8:6°
also carry gain-of-function ACVR1 mutations, including
ACVR172%¢1 " suggests that dysregulated ACVR1 activity is
involved in a number of neurological disorders.’®?® However,
the mechanisms through which ACVR1 variants contribute to
neuronal dysfunction are unclear.

Debilitating pain is a particularly significant clinical challenge for
patients with FOP. Chronic pain was reported by 86% of patients
in one cohort,®® and 23 to 31% of patients reported hypersen-
sitivity to touch or abnormal temperature sensation at baseline.®®
Despite pain being a prominent symptom of FOP, the exact
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nature and mechanism remain unclear. To define the potential
baseline sensory dysfunction in patients with FOP, here, we
analyzed the data from the International FOP Association (IFOPA)
Connection Registry*® and observed that patients with FOP have
a high incidence of symptoms of neuropathic pain. Specifically,
quantitative sensory testing (QST) on a cohort of patients carrying
the classical ACVR172%" mutation revealed increased pain
sensitivity to both mechanical and heat noxious stimuli.

Nociception in the existing preclinical FOP mouse models has
not been studied to date, partly because the neurologic
phenotypes in FOP remain poorly understood. Although there is
a growing translatability advantage to model chronic pain using
human tissues,®%5%"8 primary human neuronal tissue is limited
in availability and particularly difficult to obtain in the FOP patient
population because invasive procedures including surgery and
biopsy can trigger massive HO.>* Therefore, we used human
induced pluripotent stem cell (iPSC)-derived nociceptive sensory
neurons (iISNs) which provide us a unique opportunity to elucidate
how pain transmission is altered chronically and identify potential
peripheral therapeutic targets'®'346:72 in patients with FOP.

Compared with healthy controls, FOP iPSC-derived
ACVR172%" iSNs showed hyperexcitability and increased
susceptibility to stimulation by either TRPV1 or TRPA1 agonists,
independent from interpatient genetic or clonal variability. Finally,
blocking the constitutively active ACVR1 signaling in FOP iSNs
leads to a significant reduction in neuronal firings, further
suggesting that ACVR1-mediated sensory neuron dysfunction
contributes to the baseline neuropathic pain in FOP.

2. Materials and methods

2.1. The Fibrodysplasia Ossificans Progressiva Connection
Registry and statistical analyses

The survey design and implementation of the FOP Connection
Registry, including a description of the human subjects’ protection
protocols, have been previously published.*® For continuous
variables, mean, median, SD, minimum, and maximum were
calculated. Percentages were based on all participants enrolled
within each category and age group. Participants with duplicate
assessments or who withdrew from the registry were excluded. To
test the association between patients with FOP with and without
neuropathic pain, we performed a Wilcoxon rank-sum test on
PROMIS Total Quality of Life Score, PFQ, Aides, and Assistive
Devices. Details of specific devices that were queried in the survey
are listed in Table S1, http:/links.lww.com/PAIN/B626. The
standard CAJIS score is a physician-determined assessment.®"
We used a modified CAJIS (MCAJIS) score determined by assigning
a numerical value to the following body areas, whether or not extra
bone growth was present: neck, jaw, upper or lower back or chest,
right shoulder, left shoulder, right elbow, left elbow, right wrist, left
wrist, right hip, left hip, right knee, left knee, right ankle, or left ankle.
Patient responses were assigned a score according to the following:
“no” or “yes but movement is not affected” was assigned a score of
0, “yes and causes partial or limited movement” was assigned a
score of 1, and “yes and causes total loss of mobility” was assigned a
score of 2. The mCAJIS score was then calculated by summing the
numerical scores. Only patients who respond to all 17 body parts
were included in the mCAJIS score correlation.

2.2. Quantitative sensory testing study subjects

Adult patients with FOP seen at the UCSF Metabolic Bone Clinic
or at a patient meeting were recruited to complete a pain history
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questionnaire and QST. Subjects were excluded from participa-
tion in this study if they had clinical signs of a FOP flare
(characterized by new focal pain, swelling, injury, stiffness, or
decreased range of motion), had known cognitive or neurological
impairment that precluded completion of testing instruments or
following instructions for QST, or were receiving any type of
interventional study medication, such as palovarotene or imatinib.
Healthy family members were recruited into our study as controls.
Informed consent was obtained from the participant or legal
guardian as appropriate. The Institutional Review Board at UCSF
approved the study, which was funded by Department of
Anesthesia and Perioperative Care, University of California, San
Francisco.

2.3. Quantitative sensory testing

Amodified QST protocol that has been previously validated®® was
used in our study. Using the Medoc TSAIl NeuroSensory Analyzer
(MEDOC, Israel) thermode with contact area of 9 cm? attached to
the thenar eminence of the left hand, we measured cold detection
threshold, warm detection threshold, and cold and heat pain
thresholds. The baseline temperature was 32°C; the stimulus
range was 0 to 50°C. To align QST data for age, gender, and test
site, raw thermal data from each subject were transformed into Z-
score using the equation Z-score = (Valuepatient — Meancontrols)/
SDeontrols @nd  published data obtained from healthy volun-
teers.52%8 A negative Z-score represents a loss of function,
and a positive Z-score represents a gain of function. Differences
in the Z-scores of pain thresholds and detection thresholds
between patients with FOP and controls were determined using
Mann-Whitney U tests. A P-value = 0.05 was considered
statistically significant. Mechanical detection threshold and
mechanical pain threshold (MPT) were measured with the
up—down method, using von Frey filaments (North Coast) that
exerted forces of pressure on bending between 0.026 g and 110
gand applied to the thenar eminence of the left hand. Quantitative
sensory testing was conducted by the same investigator to limit
operator variability.

2.4. Animals and surgery

Adult mice (4-12 week old) were used in all experiments. Wild-
type C57BL/6 mice and MAFIA (CSF1R-EGFP-NGFR/FKBP1A/
TNFRSF6) transgenic mice® (Stock #005070) were obtained from
the Jackson Laboratory. For the spared nerve injury (SNI) model
of neuropathic pain,®’ we ligated and transected the sural and
superficial peroneal branches of the sciatic nerve under isoflurane
anesthesia, leaving the tibial nerve intact. All animal experiments
were approved by the Institutional Animal Care and Use
Committee at UCSF and were conducted in accordance with
the NIH Guide for the Care and Use of Laboratory animals.

2.5. Induced pluripotent stem cell culture and CRISPR
genetic modification

Human iPSCs lines (non-FOP lines 1323 and WTc11 and FOP lines
FOP1 and FOP3)** were maintained on SNL feeders, fed with
mTeSR1 (Stem Cell Technologies, Vancouver, Canada), lifted
enzymatically with Accutase (Stem Cell Technologies), and pas-
saged, as previously described.** Cells were transitioned to Matrige!
culture for 2 passages (to deplete feeder cells) before differentiation.
ROCK inhibitor (Y-27632) was used to prevent apoptosis when cells
were spilit, frozen, or thawed.** A CRISPR guide RNA was designed
using the MIT CRISPR web tool (http://crispr.mit.edu) to introduce a
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double-stranded break within 4 base pairs of the 617G > A point
mutation in ACVR1. The final guide was selected based on the
absence of predicted off target locations in known BMP pathway
constituents. The crRBNA (5'/AIR/rGrGrCrUrCrCrArGrArUrUrAr-
CrArCrUrGrUrGrUrUrUrUrArGrArGrCrUrUrGrCrUr/AItR2/-3') was
complexed with fluorescently labeled tracer RNA (IDT, # 1075927)
and packaged into the ribonucleoprotein complexes (IDT Alt-R
Cas9 nuclease V3, #1081058, with RNAIMAX, #13778100) for
transfection and then mixed with 50 ng of homology arm repair
template to introduce the G > A mutation (5’ TTCCTTTTCTGGTA-
CAAAGAACAGTGGCTCACCAGATTACACTGTTG-
GAGTGTGTCGGTAZ'). Fifty microliter of this ribonucleoprotein
complex in Opti-Mem was added to 0.1 mL of iPSC suspension
(40,000 cells). After ~ 24 hours of incubation, transfection
efficiency was estimated by microscopy for the tracer RNA. Sib
selection was performed as previously described®” using Matrigel
or SNL feeder coated 96-well plates. At near confluence, DNA was
harvested by scratching half of each well to release iPSCs into the
media and then harvesting for DNA extraction. The remaining pool
of cells were dissociated and cultured for the sib selection process.
Digital droplet PCR (ddPCR) was used to detect the most positive
wells to propagate in further sib selections. Primers for ACVR1
(Forward = GGAGCTATATTGCTCAATCG, Reverse = CCGACA-
CACTCCAACAGT) were combined with TagMan probes specific
for the ACVR1 617G > A (5'-/6HEX/TGG-CTC-ACC/ZEN/AGA-
TT/3IABKFQ/-3’, from IDT) or wild type (5'-/56FAM/AGT-GGC-
TCG/ZEN/CCA-GAT/3IABKFQ/-3’, from IDT), designed using
Primer Express 3.0 (Applied Biosystems, Waltham, MA). After
optimization, ddPCR was conducted using a QX100 or QX200
(BioRad, Hercules, CA) Droplet Generator, with an annealing
temperature of 63.1°C. Samples were read using a QX100 Droplet
Reader following the manufacturer’s instructions. After 3 rounds of
serial sib selections to enrich the mutant population, individual
clones were isolated by low-density plating of 1000 cells onto a 10
cm plate coated with SNL feeders, as iPSCs carrying the
ACVR1™2%" mutation can be less stable and show higher
propensity to differentiate spontaneously.** To aid in mutant
enrichment, 100 nM of the BMP pathway inhibitor LDN-193189
(LDN) was added to daily culture.®* Colonies were subsequently
picked using a dissecting microscope and expanded on SNL
feeder-coated 24-well or 96-well plates, with the assistance of
cloning cylinders. Of the 120 colonies screened, 5 colonies were
identified with high percentages of cells carrying the ACVR172%6H
mutation. Only 1 clone (WTc1172%6H-3H) showed consistent high
percentages of cells carrying the mutation and was thus selected
for more detailed analysis. The parental WTc11 clone (WTc11-2F)
was matched for similar passage numbers as a control. Clones 3H
and 2F were thus used as an isogenic pair for experiments.
Fingerprint analysis confirmed derivation from the WTc11 stock
and showed no other major genetic perturbations; exome
sequencing (UCSF Genomics Core) and subsequent variant
identification using Annovar (annovar.openbioinformatics.org)
identified the ACVRT1 617 G > A mutation as the only major
pathogenic variant difference between the 3H and 2F clones.

2.6. Western blotting

Parental WTc11 (2F) and WTc1172%%H (3H) iPSC clones were plated
at a density of approximately 50,000 cells per well in a 24-well
Matrigel-coated plate. When they reached 70% to 80% confluency,
the medium was replaced with serum-free medium (KO-DMEM,
Gibco) for 1 hour followed by the addition of 50 ng/mL of Activin A
(PeproTech, Cranbury, NJ) for 1 hour. The media was removed, and
the cells were washed with 0.5 mL of cold DPBS. The cells were
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harvested on ice in 50 L lysis buffer (RIPA, protease inhibitor,
phosphatase inhibitor, sodium vanadate, and sodium fluoride) and
stored at —80°C until purified. Protein was purified by serial
centrifugation x 3 and quantified using a BCA standard assay
(Thermo Fisher Scientific, Waltham, MA, #23225). Protein lysates of
iSNs were obtained in the same fashion. Samples were denatured in
SDS/BME at 95°C for 5 minutes; 12 to 15 pg of each iPSC sample
and 5 p.g of each iISN sample were loaded onto an SDS or PAGE gel
(8%-16%), separated by protein electrophoresis, and transferred to a
low-fluorescence PVFD membrane (Azure Biosystems, Dublin, CA).
The membranes were incubated overnight with the primary antibody
at a concentration of 1:1000 and probed the following day using a
secondary HRP-conjugated antibody at 1:5000. Primary antibodies
directed against pPSMAD 1/5/9 (Cell Signaling Technology, D5B10,
#13820S, anti-rabbit) and GAPDH (Cell Signaling Technology,
Danvers, MA, anti-mouse, D4C6R) were used. Chemiluminescent
signal was measured using an Azure Biosystems ¢c300 imager (Azure
Biosystems), and quantification was performed using Image J
software. All samples were normalized to the expression of GAPDH.

2.7. Induced pluripotent stem cell differentiation into
sensory neurons

Human sensory neuron differentiation was performed using a
modified version of a published protocol.’® '3 In brief, iPSCs were
seeded on a Matrigel-coated plate and maintained in mTeSR
medium (Stem Cell Technology). Neural induction started once the
cells reached 80% confluence by adding KSR medium consisting
of Knockout DMEM and Knockout Serum Replacement (Gibco,
Waltham, MA). 100nM LDN-193189 and 10pM SB-431054
(Tocris, Minneapolis, MN) were added from day O to 5 (DDO-
DD5). N2 media consisting of Neurobasal media (Gibco) and 1X N2
Supplement (Gibco) were added starting at day 4 in concentration
increments of 25% every other day, reaching 100% at day 10.
Nociceptor induction started on day 2 by adding 3uM CHIR99021,
10uM SU5402, and 10uM DAPT (Tocris). Starting on day 11
(DD10), the cells were maintained in N2 media supplemented with
25ng/mL of human B-NGF, BDNF, and GDNF (PeproTech).

2.8. Electrophysiology

iPSCs were seeded on 15-mm tissue culture—treated plastic
coverslips (Nunc Thermanox) coated with Matrigel in a well of a
12-well plate. 14 to 15 days postdifferentiation (DD14-15),
coverslips were transferred from the culture media to a recording
chamber constantly perfused with fresh recording medium
containing 145 mM NaCl, 3 mM KCI, 3 mM CaCl,, 10 mM
HEPES, and 10 mM glucose at 32°C (pH 7.3-7.4 and osmolarity
290-300). Whole-cell patch-clamp recordings were performed
using a phase-contrast inverted microscope (BX51W1, Olym-
pus). The patch electrodes were constructed from borosilicate
glass capillaries (Sutter Instruments, Novato, CA) with a re-
sistance of 5 to 7 M(). The pipettes were tip filled with internal
solution and then back filled with internal solution containing
125 mM potassium gluconate, 15 mM KCI, 10 mM HEPES, 4 mM
MgCls, 4 MM Nao,ATP, 0.3 mM NasGTP, and 0.2 mM EGTA (pH
7.3-7.4 and osmolarity 290-300). Recordings were performed
with an Axon Multiclamp 700B patch-clamp amplifier and 1440A
Digitizer (Axon Instruments, San Jose, CA). Signals were filtered
at 10kHz using amplifier circuitry, sampled at 100 kHz, and
analyzed using Clampex 10 (Axon Instruments). Voltage-gated
sodium and potassium currents were recorded on stepped
voltages (—120 mV ~ +50 mV, 500 ms duration) stimulation
under voltage-clamp mode in which the recorded cell was held at
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—70 mV. The peak of voltage-gated sodium current was
determined as the peak amplitude of fast inward current on
membrane depolarization (peak amplitude of inward current
within O ~ 10 ms during stepped voltage stimulation). The peak of
voltage-gated potassium current was determined as the average
amplitude of sustained currents (average amplitude of sustained
currents between 400 and 500 ms during stepped voltage
stimulation). The quality of recorded cells was analyzed by the
formation of Giga-seal and intrinsic membrane characteristics
measured immediately after rupture of the cell membrane. The
recorded cells were filtered through the following criteria: First, the
cell could form Giga seal with the recording pipette during
establishment of whole-cell recordings; second, after rupture of
the cell membrane, the leak current in the voltage-clamp mode
was smaller than —100 pA; and third, the resting membrane
potential of cells (recorded in current clamp | = 0 mode) was more
negative than —30 mV and could be held at —60 mV under the
current-clamp mode. The cells that did not meet the above
criteria were excluded for statistical analysis.

2.9. Multielectrode array

Accutase (StemCell Technology)-dissociated neurons were
seeded at a density of 5 to 10 x 10* cells per well to fully cover
all 16 embedded electrodes in a 24-well CytoView MEA plate
(Axion Biosystems, Atlanta, GA) precoated with 0.1% polyethle-
neimine (PEIl) and 300 wg/mL of Matrigel. iSNs were then cultured
for at least 2 weeks to from the functional networks before
analysis. Real-time well-wide neuronal spontaneous firings with a
spike detection criterion of >6 STDs were recorded with
MaestroEdge (Axion Biosystems) for 3 to 5 minutes at 37°C.
Data were analyzed with AXIS Navigator and AXIS Neural Metric
Tool. Only the cells in a well with at least 7 active electrodes were
used for analysis, and the firing rate based on active electrodes
was presented as the weighted mean firing rate. In the
experiments with compound treatment, after the baseline firings
were recorded, iSNs were then stimulated with 1 WM capsaicin
(TRPV1 agonist), 100 uM AITC (TRPA1 agonist), or 100 uM
menthol (TRPM8 agonist) (Sigma Aldrich, St. Louis, MO). The
evoked neuronal activity was immediately recorded. Recovery for
at least 24 hours is required between each treatment. In the study
with Activin A stimulation, iISNs were incubated with Activin A
(60ng/mL, R&D) for 30 minutes. All iSNs were allowed to recover
for at least 24 hours before the next treatment.

2.10. Immunohistochemistry

Human cells grown on 13-mm or 15-mm borosilicate coverslips
pretreated with Matrigel were fixed in 4% paraformaldehyde for 15
minutes at room temperature and washed twice with PBS. The
cells were incubated with primary antibodies for 24 hours at room
temperature (RT). The cells were then washed with PBS and
incubated with secondary antibodies at RT for 2 hours. The
following antibodies were used for immunostaining: mouse anti-
Tud1 (1:100, R&D MAB1195), rabbit anti-Brn3a (1:500, Millipore
#AB5945), rabbit anti-Peripherin  (1:2000, Abcam, AB4666),
guinea pig anti-TRPV1 (1:2000, gift from David Julius), rabbit
anti-pSMAD1/5 (1:800, Cell Signaling #9516), and fluorophore-
coupled secondary antibodies (1:1000, Alexa Fluor 488, 555, 594,
647, Thermo Fisher Scientific). Images were captured with a Carl
Zeiss LSM 700 microscope and processed with Fiji/lmaged (NIH).

For mouse DRG staining, mice were anesthetized with 2.5%
Avertin and perfused transcardially with 1X PBS followed by 4%
formaldehyde. Dissected DRG were first postfixed in the same
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fixative for 3 hours and stored overnight in 30% sucrose in PBS at
4°C before cryostat sectioning. The following primary antibodies
were used for immunostaining: chicken anti-GFP (1:2000,
Abcam #AB13970) and rabbit anti-ACVR1 (1:1000, Invitrogen
#PA5-85263).

2.11. In situ hybridization

We used the RNAscope Fluorescent Multiplex Reagent Kit
(Advanced Cell Diagnostics, Newark, CA) according to the
manufacturer’s instructions. In brief, iSNs grown on glass
coverslips were first mounted on slides and then quickly frozen
on dry ice. Freshly dissected mouse DRG were also frozen on dry
ice before further cryostat sectioned at 12 wm and mounted on
slides. The iSNs on coverslips or mounted sections were fixed in
prechilled 10% neutral-buffered formalin for 15 minutes at 4°C.
After a series of dehydration steps in gradient ethanol solutions,
the sections were pretreated with Protease K for 30 minutes at
room temperature and then incubated with RNA probe for 2
hours at 40°C in a HybEZ oven. Repeated washing and amplifier
hybridizations were performed according to the manufacture’s
protocol. Finally, sections were costained with DAPI. The
following probes were used: mouse Acvr1 (#312411) and mouse
Atf3 (#426891) for DRG and human TRPV'T (#415381) for iSNs.

2.12. Image quantification

To quantify the ISH message, we used Imaged and analyzed
signal intensity in a sensory neuron-rich region of the DRG (5-8
sections from the same ganglia; 3 mice per group). An individual
blinded to the treatment groups performed the image analysis.

2.13. Gene expression

Total RNA was harvested from cells using TRIreagent (Sigma
Aldrich) and chloroform (Sigma Aldrich), precipitated with iso-
propanol and ethanol, and resuspended in DNase/RBNAse free
water. cDNA was synthesized using the SuperScript Il First Strand
Synthesis system (Invitrogen, Waltham, MA). Quantitative RT-PCR
was calculated using the 2 22T method.*" The following gene
specific primers and fluorescent labeled TagMan probes (Thermo-
Fisher Scientific) were used: ACVR1/Acvr1 (Hs00153836_m1 and
MmQ01331069_m1), ALKE/BMPR1A (Hs01034909_g1), ID1
(Hs00357821_g1), GAPDH (Hs02758991_g1), or /B-actin
(Hs99999903_m1 or Mm02619580_g1) as the internal control
for each sample.

2.14. Statistical analysis

Statistical analysis was performed using GraphPad Prism version
7.0 (GraphPad Software, San Diego, CA). Mann-Whitney U tests
or Student t tests were used for single comparisons between 2
groups. Other data were analyzed using one-way or two-way
analysis of variance (ANOVA). *P < 0.05, **P < 0.01, **P < 0.001,
and ****P < 0.0001, NS, nonsignificant.

3. Results

3.1. Neuropathic pain is common in a self-reported cohort of
patients with fibrodysplasia ossificans progressiva

To identify if neuropathic pain is a major manifestation of FOP, we
first queried the IFOPA FOP Connection Registry, an international
survey-based patient database*® (Fig. 1). As neuropathic pain is
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Registry (n=196)

!

Completed PROMIS
Survey (n=90)

!

Neuropathic Pain
Diagnosis
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(n=13) (n=77)

| ! | !

Aids/Adaptions/
Assistive Devices
(n=90)

Summative PROMIS
Global Mental Heath
& Physical Health
Scores (n=90)

Physical/Mental
Health Provider
(n=90)

Modified CAJIS
Score (n=89)

Figure 1. Flowchart of the IFOPA survey study design. IFOPA, International
Fibrodysplasia Ossificans Progressiva Association.

generally rare in young children,”* we limited our analysis to
patients older than 15 years of age. Of the 196 patients with FOP
spanning 42 countries who were asked to complete both
PROMIS Global Health Survey and Aids/Adaptations/Assistive
Devices Survey'' from August 2017 to November 2018, 90
patients completed the survey. The demographics and clinical
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characteristics of our participants are outlined in Table 1. 14.4%
of the patients self-reported neuropathic pain (Table 1). This
incidence differs considerably from a prior large cohort data
indicating a general population prevalence of neuropathic pain of
6.9% to 10%.'%72

Consistent with evidence that chronic pain is influenced by
both physical and affective factors,”® we found that patients with
neuropathic pain had significantly more visits to medical providers
for physical or mental health than those without neuropathic pain
(Table 2). However, neither PROMIS Global Physical Health
score nor PROMIS Global Mental Health score®® differed
between the 2 groups (Table 2). As the sensitivity of the PROMIS
Global Mental Health score analysis can be confounded by the
quality of life measure, which is generally not highly correlated
with mental health,?® we confirmed that a subanalysis performed
after the removal of the quality of life measure did not change our
conclusion (Table 2). Moreover, PROMIS Mental Health scores in
the participating patients with neuropathic pain did not differ from
those without neuropathic pain, arguing against a significant
contribution of affective components to the severity of neuro-
pathic pain symptoms in patients with FOP.

We also compared the functional impairment in patients with
and without neuropathic pain. A modified Cumulative Analog Joint
Involvement Score (MCAJIS) was used to assess the involvement
of joint-specific diseases®' based on patient-recorded joint
involvement. Although the mCAJIS results did not statistically differ
between the 2 groups, a significantly higher number of aids,
assistive devices, and adaptations were used by patients with
neuropathic pain (Tables 2 and S1). Therefore, we concluded that
neuropathic pain is not only common in patients with FOP but is
also associated with increased functional disability.

Demographic and clinical characteristics of the International Fibrodysplasia Ossificans Progressiva Association (IFOPA)

registry cohort queried in this study.

Total Statistic Total With neuropathic pain No neuropathic pain
Total N (%) 90 (100%) 13 (14.4%) 77 (85.6%)
Gender N (%)

Male 27 (30.0%) 1(7.7%) 26 (33.8%)
Female 63 (70.0%) 12 (92.3%) 51 (66.2%)
Current age (y) Mean = SD 35.0+12.38 34.5+13.07 35.1+12.35
Median 315 29.0 32.0
(Min, Max) (19.0, 74.0) (21.0, 60.0) (19.0, 74.0)
Residing location (continent) N (%)
Africa 2 (2.2%) 0 (0%) 2 (2.6%)
Asia 5 (5.6%) 1(7.7%) 4 (5.2%)
Europe 27 (30.0%) 1(7.7) 26 (33.8%)
North America 36 (40.0%) 10 (76.9%) 26 (33.8%)
Oceania 6 (6.7%) 1(7.7%) 5 (6.5%)
South America 14 (15.6%) 0 (0%) 14 (18.2%)
Type of FOP N (%)
Classic (R206H) 39 (43.3%) 5 (38.5%) 34 (44.2%)
Variant 6 (6.7%) 2 (15.4%) 4 (5.2%)
Unknown (no genetic testing) 44 (48.9%) 6 (46.2%) 38 (49.4%)
Missing 1(1.1) 0 (0%) 1 (1.3%)
Age at diagnosis (y) Mean = SD 9.2+8.04 11 £12.11 89721
Median 7.0 9.0 7.0
(Min, Max) (0.1, 48.0) (1.2, 48.0) (0.1, 37.0)
Age at first FOP symptom onset (y) Mean = SD 71x7.07 7.9 +12.27 7.0 = 5.89
Median 5.0 4.0 5.0
(Min, Max) (0.1, 45.0) (0.1, 45.0) (0.1, 26.0)
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Summary of the survey results based on patient-reported diagnosis of neuropathic pain at the time of enroliment into IFOPA FOP

Registry.
Total Statistics Neuropathic pain (+) Neuropathic pain (—) P

# Times visited a doctor for physical health N 13 77
Mean = SD 6.6 = 5.01 42 +518 0.0255*
Median 6.0 2.0
(Min, max) (1.0, 16.0) (0.0, 25.0)

# Times visited a doctor for mental health N 13 77
Mean = SD 4.0 +8.15 20772 0.022*
Median 1.0 0.0
(Min, max) (0, 30.0) (0, 60.0)

PROMIS Global Physical Health Score N 13 7
Mean = SD 2.8 +0.32 2.8 +0.73 0.9537
Median 2.8 2.8
(Min, max) (2.0, 3.3) (1.3, 5.0)

PROMIS Global Mental Health Score N 13 77
Mean + SD 2.9 +0.85 3.2 +0.89 0.1758
Median 3.0 3.3
(Min, max) (1.3, 4.3 (1.0, 4.8)

PROMIS Global Mental Health Score without N 13 77

Quality of Life Score Mean = SD 2.8 +0.92 3.3 +0.90 0.0997
Median 3.0 3.3
(Min, max) (1.3, 4.3 (1.0, 4.7)

Quality of Life Score N 13 77
Mean = SD 2.9 +0.95 3.0+x122
Median 3.0 3.0
(Min, max) (1.0, 4.0) (1.0, 5.0) 0.8633

Total PROMIS Global Health Score N 13 77
Mean = SD 30.5 = 6.44 32.3 = 8.42 04903
Median 31.0 31.0
(Min, max) (15.0, 38.0) (13.0, 51.0)

Total Modified CAJIS Score (mCAJIS)T N 12 67
Mean + SD 18.8 = 9.77 15.3 = 7.80 0.2620
Median 17.5 15.0
(Min, max) (5.0, 33.0) (0.0, 34.0)

Aids, assistive devices, and adaptations N 13 77
Mean = SD 22.5 = 14.52 14.7 = 10.04 0.0426*
Median 25.0 13.0
(Min, max) (1.0, 51.0) (0.0, 49.0)

Statistical significance was determined by the Wilcoxon rank-sum test comparing “with” and without” neuropathic pain.

*P<0.05.
T Calculated based on patient-reported joint involvement.

3.2. Patients with fibrodysplasia ossificans progressiva have
mechanical and heat pain hypersensitivity

Inequity in global awareness of neuropathic pain®® and poor
patient education about the definition and presentation of
neuropathic pain in many musculoskeletal pain conditions®®
have raised concerns that the true global prevalence of
neuropathic pain in patients with FOP could be underestimated
inthe IFOPA registry surveys. Notably, in one cohort,*® 23 to 31%
of patients with FOP reported some form of somatosensory
change (including but not limited to neuropathic pain) at baseline.
As clinical diagnosis of neuropathic pain requires accurate
medical characterization and sensory examination,?° we identi-
fied a cohort of patients with FOP for more detailed in-person
study in which investigators could uniformly define and assess for
neuropathic pain. From August 2017 through May 2018, we
enrolled 9 FOP adult subjects without ongoing flares (FOP, mean
age of 30.7 years) and 10 healthy control family members (Ctrl-f,
mean age of 48.2 years) from the UCSF Metabolic Bone Clinic for
QST testing (Fig- 2A and B). All FOP adults were confirmed to

carry a classical ACVR172%6" mutation. Importantly, because the
biological heritability in chronic pain is estimated to range from
29% to 50%,%° direct comparison with family members would
limit the contributing confounders to the patient’s pain sensitivity.

We first characterized the baseline pain of our study cohort by
having participants complete a questionnaire (Table S2, http://
links.lww.com/PAIN/B626). In our cohort, 89% of study patients
with FOP experienced pain in the past 6 months; only 20% of
family members reported some form of pain during the same
period. Notably, persistent pain occurred in 66% of patients with
FOP but not by any of their family members. In patients with FOP,
the pain was mainly located in the lower back (55%) and lower
extremity (88%). Only 20% of family members experienced either
back or lower extremity pain. In patients with FOP, 66% had a
history of opioid exposure and 88% had used a traditional
neuropathic pain medication (eg, gabapentin). By comparison,
only 20% of family members had a history of opioid use and 30%
had used neuropathic pain medications. Importantly, abnormal
sensation (ie, tingling, sensitive to temperature or pressure, etc.)
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was present in up to 55% of patients with FOP. None of their
family members reported similar sensory symptoms. Taken
together, more than half of the enrolled patients carrying a
classical ACVR172%%" mutation had chronic pain with symptoms
of a neuropathic pain phenotype.

To define the altered sensory function of patients with FOP,
we conducted QST, the clinical “gold standard” for assessing
clinical function of small diameter, A-o and C primary sensory
neurons. These afferent fibers transmit noxious thermal and
mechanical inpu‘[s,21 and using QST, we can determine an
individual’s thresholds for both detection and pain. After
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adjustment for both sex and age,®® we converted the
thresholds to Z-scores of patients with FOP and healthy family
members (Ctrl-f). Neither cold nor warm detection thresholds
(cold detection threshold and warm detection threshold,
respectively) differed between the 2 groups (Fig. 2C-F).
Although patients with FOP had higher cold pain threshold
(cold pain sensitivity) than their family members (Fig. 2G), the
adjusted Z-scores did not differ (Fig. 2H). Importantly, adult
patients with FOP had significantly lower heat pain threshold
(reflected by higher Z-scores) compared with their healthy
family members (Fig. 2I-J).
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Figure 2. QST shows abnormal mechanical and heat pain hypersensitivity in adult patients with FOP. (A) Flowchart depicting patient enrollment in QST. (B) Age
comparison in adult patients with FOP (FOP) and healthy family members (Ctrl-f). (C—J) Comparison of thermal thresholds between adult patients with FOP (FOP)
and healthy control family members (Ctrl-f). The cold detection threshold (CDT, C), warm detection threshold (WDT, E), cold pain threshold (CPT, G), and heat pain
threshold (HPT, I) were converted to Z-scores after adjustment of sex and age (D, F, H, and J, respectively). (K) Assessment of the average mechanical pain
threshold (MPT) using QST assessing amount of force tolerated using von Frey filaments in the FOP group and healthy family members. Data presented as mean =
SD. Mann-Whitney U test in B-G. *P < 0.05; **P < 0.01; NS, nonsignificant compared with control. QST, quantitative sensory testing.
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Although, MPT is reportedly higher in older people,*® we found
that adult patients with FOP had a significantly lower MPT
compared with their healthy family members (Fig. 2K). However,
because there is no reliable von Frey comparator database from
healthy volunteers, which would make it possible to convert the
raw data of our mechanical pain threshold into Z-scores for
comparison, we studied an additional 9 nonrelated age and sex-
matched healthy volunteers (Ctrl) (Fig. S1A, http://links.lww.com/
PAIN/B626). Again, we found that the average mechanical pain
threshold was significantly lower in the FOP group than in the
nonrelated healthy volunteer group (Fig. S1B, http://links.lww.
com/PAIN/B626). Together, we conclude that adult patients with
FOP have significant nociceptive hypersensitivity to both heat and
mechanical stimuli at baseline (ie, in the absence of a FOP
inflammatory flare-up).

3.3. Peripheral nerve injury induces Acvr1 expression in the
mouse dorsal root ganglia

Our finding that adult patients with FOP have nociceptive
hypersensitivity led to the hypothesis that constitutive activation
of ACVR1 by the R206H mutation in FOP contributes to the
neuropathic pain phenotype. To address this hypothesis, we
next examined whether ACVR1 was expressed in sensory
neurons of the DRG. Using the SNI mouse model of neuropathic
pain, which induces hypersensitivity of the hind limbs,®® within
24 hours after SNI (POD1), we observed a 2-fold upregulation of
Acvr1 gene expression in the ipsilateral L4/L.5 DRG, compared
with the contralateral uninjured side (Fig. 3A). Importantly, by
both immunostaining (Fig. 3B and C) and in situ hybridization
(ISH) (Fig- 3D-F), we found that ACVR1 was exclusively
expressed in DRG sensory neurons, not in surrounding non-
neuronal cells. Furthermore, at POD7, we recorded a 1.5-fold
induction of Acvr? that was limited to axotomized (Atf3™)
neurons. The expression in uninjured (Atf3’) sensory neurons
did not change. (Fig. 3G). Together, neuronal ACVR1 might
contribute to neuropathic pain in normal individuals as well.

3.4. Generation of nociceptive sensory neurons from patient-
derived fibrodysplasia ossificans progressiva-induced
pluripotent stem cell

We next asked how abnormal ACVR1 signaling might affect
human sensory neuron function. Using a modified differentiation
protocol 2134486 (Fig S2A, http://links.lww.com/PAIN/B626),
we generated nociceptor-like iSNs from patient-derived human
iPSCs (FOP1 and FOP3) carrying the classical ACVR1720"
mutation.** Two non-FOP iPSC clones (WTc11 and 1323) from
healthy donors were used as a control group (Ctrl). At 2 weeks
postdifferentiation, characteristics of sensory neurons were
illustrated by coimmunostaining for neuronal marker TUJ1 and
the sensory neuron marker BRN3a (Fig. S2B-D, http://links.lww.
com/PAIN/B626).

Next, we examined BMP signaling in the iSNs. Expression of
the key members of BMP signaling did not differ significantly
between FOP and Ctrl iSNs (Fig. S2E-I), and there was no
significant change in pPSMAD1/5 expression when Ctrl iSNs were
stimulated by Activin A (Fig. S2J-K, http://links.lww.com/PAIN/
B626). By contrast, consistent with a previous report,2? Activin A
(AA) remarkably increased nuclear SMAD1/5 phosphorylation
(PSMAD1/5) in FOP iSNs (Fig. S2L-M, http://links.lww.com/
PAIN/B626).

To assess the electrophysiological characteristics of the iSNs,
we performed whole-cell patch-clamp recording of iSNs and
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Figure 3. ACVR1 is selectively induced in axotomized mouse DRG neurons.
(A) gRT-PCR of Acvr1 expression in ipsilateral and contralateral L4/5 DRG 1
day after spared nerve injury (SNI, POD1) (n = 3 mice per group). (B-C) 7 days
after SNI (POD7), immunoreactive ACVR1 (red) and CSF1R-GFP (green) in the
DRG of MAFIA mice in which green fluorescent protein (GFP) under the control
of the promoter of CSF1 receptor (CSF1R) is specifically expressed in
macrophages. (D-G) In situ hybridization (ISH) analysis of Acvr1 expression
(red) in the DRG of mice before (PODO, D) and after nerve injury (POD7, E, F).
Atf3 labels axotomized sensory neurons (green, F), and nuclei were stained
with DAPI. Data presented as mean + SEM. Student t test in A, and one-way
ANOVA with Tukey correction in G. *P < 0.05; **P < 0.01; NS, nonsignificant
compared with control. Scale bar: 15pm in B-C, 50pm in (D-F). DRG, dorsal
root ganglia.

recorded action potentials (APs) at 2 weeks postdifferentiation
(Fig- 4A-C). Notably, compared with control iSNs derived from
13283 clone, 1 of 2 derived FOP iSN lines (FOP3) had significantly
more action potential numbers during maximal firing induced by
current injection, although the FOP1 line showed a trend towards
increased AP numbers (Fig. 4D). Importantly, the peak ampli-
tudes of both voltage-gated Na™ (Fig. 4E) and K™ currents (Fig.
4F) were significantly increased in both FOP clones compared
with the control. Figure 4G also shows that intrinsic cell
membrane characteristics, including resting membrane potential
(Vm), resistance (Rm), and capacitance (Cm) of sensory neurons,
derived from all clones did not differ, which suggests similar
neuronal subtypes were derived from all 3 cell lines. Specifically,
there was no significant difference in membrane capacitance
between the 3 groups of neurons when measured by whole-cell
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Figure 4. Whole-cell electrophysiological characterization reveals increased excitability in FOP iPSC-derived sensory neurons. (A-C) Representative AP firing
pattern traces evoked in iSNs on near-threshold current injections. Scale bars represent 20 mV and 100 ms. (D) Statistical analysis of maximal number of AP firings

on current injections. (E and F) -V curve of Na* (E) and K™ (F) currents measured

under stepped voltages in the voltage-clamp mode (500ms duration, from —100

to +100 mV). Both the peak voltage-gated Na* and K* channel currents increased significantly in FOP iSNs compared with control (1323) iSN. (G) Resting-
membrane potential (Vm), membrane resistance (Rm), and membrane capacitance (Cm) were unchanged in control and FOP iSNs. iSNs at 2 weeks
postdifferentiation were used. Data represented as mean = S.E.M. One-way ANOVA with a post hoc Bonferroni test in D-G. *P < 0.05; ***P < 0.001; FOP,
fibrodysplasia ossificans progressiva; iPSCs, induced pluripotent stem cells; NS, nonsignificant.

recordings and analyzed by one-way ANOVA (Ctrl: 8.98 = 0.55
pF, n = 33; FOP1:11.84 = 1.22 pF, n = 14; FOP3: 10.27 = 1.04
pF, n = 24. P = 0.099). Taken together, our results show that
functional iSNs generated from both control (1323) and FOP iPSC
clones had comparable intrinsic membrane characteristics. FOP
iSNs carrying an ACVR172% mutation showed increased Na*
and K* currents and were prone to fire repetitive action
potentials.

It is possible that the increased APs in the ACVR172%%H iSNs
resulted from clonal or inter-individual variability. To address this,
we used CRISPR editing on the non-FOP WTc11 iPSC line to
generate an isogenic clone (WTc117206H We confirmed that this
clone carried the expected ACVR1™2%H mutation (Fig. S3A,
http://links.lww.com/PAIN/B626) and found that it showed
dramatically increased pSMAD1/5 phosphorylation in response
to AA stimulation (Fig. S3B). At 2 to 3 weeks postdifferentiation,
WTc117298HipSCs differentiated into BRN3a™* TUJ1™ iSNs (Fig.
S3C, http://links.lww.com/PAIN/B626), in which intracellular
pPSMAD1/5 was induced by Activin A (Fig. S3D-E, http://links.
lww.com/PAIN/B626).

Taken together, our findings demonstrate that functional iISNs
can be generated with equivalent maturation from both control
and ACVR172%1 ipSCs.

3.5. ACVR17206H js both necessary and sufficient for
hyperexcitability of iSNs in vitro

To provide more direct evidence that these iSNs can be used to
model the hypersensitivity of patients with FOP, we maintained
the iSNs in culture for more than 6 weeks to allow further
maturation into functional nociceptive neurons.

In contrast to mice in which only 30% of DRG sensory neurons
express TRPV1,%%%2 most human DRG neurons (>70%) express
both TRPV1 mRNA®? and TRPV1 protein.®® Moreover, the
transcriptomes of human DRG further define TRPVT as a marker
of most human nociceptor neurons.?® At 6 to 8 weeks
postdifferentiation, iISNs of all 4 lines expressed both peripherin
(PRPH), a marker of small diameter sensory neurons, and human
nociceptor marker TRPV1 (Fig. 5A-D). Furthermore, almost all
TUJ1"DAPI" iSNs were TRPV1™ (Fig. 5E), depicting phenotyp-
ical resemblance with primary human nociceptors. Importantly, to
address antibody specificity against human TRPV1, we sub-
sequently used ISH and confirmed the expression of TRPVT in all
iISNs examined (Fig. 5F). Next, we determined whether consti-
tutive ACVR1 signaling remains functional during the differenti-
ation. Here, we treated both WTc11 and WTc1172%6H iSNs with
50 ng/mL of AA and then assessed pSMAD1/5 activity by
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Figure 5. Generation of nociceptive iSNs from patient-derived iPSCs assessed 6 weeks postdifferentiation. (A-D) Representative images of iSNs coexpressing
nociceptor marker Peripherin (PRPH, green), TRPV1 (red), and neuronal marker TUJ1 (blue). (E) Quantitation of TRPV1*/TUJ1"DAPI" iSNs. n = 3 to 4
independent experiments; 92 to 188 DAPI™ neurons per clone were analyzed. (F) In situ hybridization (ISH) analysis of TRPV7 expression (magenta) in iSNs. Nuclei
were stained with DAPI. Scale bar: 50 wmin A-D and F. (G and H) Protein levels of pSSMAD1/5 in iSNs of WTc11 and WTc1172°° treated with either Activin A (AA)
or vehicle (VEH) for 80 minutes, as determined by Western blot (G) and densitometric analysis (H). GAPDH was used as a loading control. n = 3 experiments. Data
presented as mean + S.E.M. Student t test in H. *P < 0.05; NS, nonsignificant compared with control.

Western blot (Fig. 5G). Quantitative densitometric analysis
confirmed AA-induced pSMAD activity in WTc1172%H iSNs
(Fig. 5H), By contrast, there was no increase in the pSMAD
activity in WTc11 iSNs after treatment with AA.

In further functional analyses, we measured neuronal excit-
ability by recording spontaneous extracellular field potentials

generated by APs in live neurons plated onto a multielectrode
array (MEA) (Fig. S4A-B).°® Figure 6A-C illustrate robust
persistent spontaneous neuronal firings from both non-FOP
WTc11 and FOP iSNs; however, in both FOP lines, the neuronal
firing rate was significantly higher than in WTc11 neurons (Fig.
6A-C). Notably, the spontaneous firing rate of FOP3 iSNs was
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Figure 6. Extracellular electrophysiological characterization of iPSC-derived nociceptive sensory neurons by MEA. (A and B) Representative raster plots of firing
spikes in response to capsaicin stimulation in control (WTc11) (A) and FOP1iSNs (B). Burst firings (= 5 spikes per second) were highlighted in red. (C) Comparison
of the mean firing rate at baseline (n = 9 wells per group). (D-F) Effect of stimulation of capsaicin (1 uM, D), AITC (100 wM, E), or Activin A (50 ng/mL, F) on the
neuronal firing rate (n = 6 per group). (G-H) Effect of ACVR1 inhibitor LDN-193189 (LDN) on the neuronal firing rate. Neuronal activity was recorded before and
after the cells were treated with either LDN-193189 (200nM) or VEH for 48 hours (n = 9 per group). iSNs 6 to 10 weeks postdifferentiation were used for all MEA.
Data represented as mean = SEM. One-way ANOVA with a Dunnett test in C-E. Two-way ANOVA with a Sidak correction in F. Two-way ANOVA with a Tukey
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greatest among all 3 lines of iSNs (Fig. 6C), corroborating the
whole-cell patch-clamp results (Fig. 4D). Furthermore, a low-
dose of KCI (400uM) induced significantly greater neuronal
activity in FOP3 iSNs compared with control iSNs (Fig. S4C,
http://links.lww.com/PAIN/B626).

To assess the extent to which the variable differentiation
environment rather than the genotype contributes to the
experimental results, we compared control iSNs (WTc11) derived
from 4 independent differentiations but found no significant
variations in the neuronal firing rate (Fig. S4D). We conclude that a
comparable degree of neuronal differentiation and maturation
was consistently achieved. It is also possible that the increased
firing rate recorded using MEA resulted from more neurons
surviving after the initial plating. To address the question, we also
dissociated iSNs after 3 weeks of culture in a 24-well MEA plate
and confirmed that the number of viable cells did not differ among
the WTc11, FOP1, and FOP3 groups (Fig. S4E). Most impor-
tantly, as WTc1172%%" iSNs exhibited hyperexcitability compared
with the isogenic parental WTc11 iSNs (Fig. 6C), we concluded
that ACVR172%" is sufficient for the enhanced neuronal
excitability and that this is independent of clonal or interindividual
variability.

Using MEA, we also examined neuronal responses to noxious
stimuli and confirmed that the enhanced iSN activity can be
induced by both the TRPV1 agonist, capsaicin (Cap) (Figs. 6A, B
and D; Fig. S4F, http://links.lww.com/PAIN/B626), and the
TRPAT agonist, AITC (Fig. 6E). Interestingly, we found that these
nociceptive sensory neurons did not respond to the TRPM8
agonist, menthol (Menthol™) (Fig. S4G). Although it is possible
that menthol-induced APs are below the MEA detection
threshold, a recent report concluded that human
Menthol"Cap~AITC™ iSNs constitute a mechanosensitive
population.®°

To further study the TRP channel properties of these iSNs, next
we stimulated all 4 types of iSNs, including WTc1172%6H iSNs with
1 uM capsaicin or AITC (100 wM), and compared the magnitude
of evoked neuronal response to baseline activity (Fig. 6A, B and
D). We found that all ACVR1™2% {SNs tested were significantly
more responsive to capsaicin stimulation and to AITC than were
the controls (Fig. 6D and E).

As Activin A can bind to the ACVR172%H receptor to induce
abnormal cellular activity mimicking BMPs in many cell types®
including iSNs, we examined if Activin A could potentiate the
neuronal activity as described in rodents,®! The firing rate of iSNs
after Activin A or vehicle (VEH) treatment was compared with
baseline without treatment (Fig. 6F). To our surprise, Activin A
treatment did not further enhance the neuronal activity in all lines
of iISNs we examined, suggesting that an intrinsic mechanism is
involved.

We next asked if constitutively active ACVR signaling
was necessary for the neuronal hyperexcitability of the iSNs. In
these studies, we examined the effect of LDN-193189 (LDN), a
small molecule inhibitor of both ACVR1 and BMPR1A/
ALK3.49:7° | DN-193189 blocks signaling through the constitu-
tively active ACVR172%®" and reduces pSMAD1/5 in vitro and in
vivo.”® Here, we treated WTc11 and FOP3 iSNs with LDN-
193189 or VEH for 48 hours, and using MEA, we compared
neuronal activity (Fig. 6G). Control iSNs showed no significant
change in the firing rate between the LDN-treated and VEH-
treated groups. By contrast, LDN-treated FOP3 iSNs had
significantly less spontaneous firing compared with the VEH-
treated FOP group. Similarly, LDN treatment resulted in a
significant reduction in firing rate of WTc1172%6H iSNs but not
WTc11 isogenic control iSNs (Fig. 6H).
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Figure 7. Quantitative RT-PCR analysis of BMP pathway in iSNs treated with
LDN-193189. (A-C) mRNA expression of ID7 (A), ACVR1 (B), and ALK3 (C) in
iSNs treated with either LDN-193189 (200nM) or VEH for 48 hours (n = 3
experiments per group). iSNs 8 to 10 weeks postdifferentiation were used.
Data represented as mean = SEM. Two-way ANOVA with a Tukey correction.
P < 0.01; **P < 0.001; ***P < 0.0001; NS, nonsignificant.

Finally, to confirm that LDN-193189 indeed effectively inhibited
ACVR1 signaling in the ACVR172%®H iSNs, we used gRT-PCR
and found that in all ACVR1™2%" i{SNs examined, 2-day LDN
treatment significantly inhibited the expression of /D7, a target
gene downstream of ACVR1 (Fig. 7A). Notably, baseline /D1
expression was higher in ACVR172%®" {SNs than in WTc11, which
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suggests that aberrant ACVR1 signaling remained active through
differentiation. By contrast, expression of ACVR7 or ALK3 was
not affected by LDN blockade (Fig. 7B and C), which highlights
the selectivity of the LDN treatment.

Taken together, we concluded that ACVR17#2% is poth a
necessary and sufficient contributor to hyperexcitability of iSNs in
vitro.

4. Discussion

The BMP pathway, a key regulator of bone formation, is
increasingly recognized to have important roles in multiple
neurological processes. 2289407082 However, the mecha-
nisms through which ACVR1 variants contribute to neuronal
dysfunction are unclear. We now demonstrate that adult patients
with FOP, who have a classic activating mutation in the Type |
receptor ACVR1 of the BMP pathway (ACVR172%¢H)  have
increased mechanical and heat pain hypersensitivity docu-
mented by QST. Of particular interest is our cellular finding that
ACVR172%" is hoth necessary and sufficient for the hyperexcit-
ability of iPSC-derived iSNs using both intracellular and extracel-
lular recordings. Notably, ACVR172°®" {SNs are more responsive
to capsaicin or AITC stimulation. As Trpv1-mediated heat pain
hypersensitivity is well investigated,? Trpa? is arguably required
for neuronal excitation and subsequent mechanical hypersensi-
tivity.®®” Decreased responses to noxious mechanical force have
been reported in Trpal ™'~ mice.®”*® As hyperexcitability of
sSensory neurons is considered a major contributor to neuropathic
pain,* we suggest that ACVR172%" directly contributes to
mechanical and heat pain hypersensitivity in patients with FOP.
Moreover, in a mouse model of neuropathic pain, ACVR1 was
selectively induced in axotomized DRG neurons, further support-
ing the functional relevance of ACVR1 in pain processing. Our
findings may help explain the difficult-to-control baseline chronic
pain commonly present in the patients with FOP. Although FOP is
rare, its underlying pain mechanism may be shared by other
chronic pain conditions in humans.

The ACVRT1 receptor is required for several ligands of BMP
signaling to trigger the downstream molecular and cellular
responses.?22458 |n contrast to animal studies which reveal that
Activin A sensitizes DRG neurons in neuropathic pain,””®" we
found that Activin A does not have a significant contribution to the
neuronal activity of iISNs in vitro. Inhibiting ACVR1 signaling in
ACVR172%" iSNs substantially reduced the neuronal firing rate.
Taken together, we conclude that ACVR172%®" is sufficient and
necessary to induce hyperexcitability of iSNs.

However, how exactly ACVR1 influences nociceptive process-
ing in humans remains to be elucidated. It is conceivable that
repetitive tissue injuries during HO flares or increased local BMP
pathway activity may further sensitize the sensory neurons which
are already hyperexcitable as baseline in patients with FOP; thus,
the likelihood to develop neuropathic pain syndrome in adulthood
could be remarkably increased. In addition, it was reported that
Acvrl downstream target Smad? promoted injury-induced
axonal regeneration, #5575 which is closely associated with
neuronal hyperexcitability and neuropathic pain development.®”

Some limitations in our study should be noted. First, we were
able to assess only a small number of patients with FOP using
QST testing, because of the rarity of this disease and difficulty
brings subjects onsite. The significant functional impairment of
this population further limits their ability to travel or participate in
studies. Notably, our cohort of sequentially enrolled QST
participants showed a much higher frequency of clinically defined
neuropathic pain, in contrast to the IFOPA registry survey data
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based on patients’ self-reporting. Thus, the true incidence of
neuropathic pain in patients with FOP is likely underreported on
the IFOPA surveys. Second, although our study demonstrates
that there is a significant incidence of sensory dysfunction in
patients with FOP, even in the absence of a clinical HO flare, not
all adult patients with FOP in our study showed clinically evident
sensory dysfunction. It remains unclear if the ACVR1 gene
environment is affected by epigenetic modification which has
been previously implicated in the susceptibility to develop chronic
pain.'® Finally, although both whole-cell patch-clamp recording
and MEA showed hyperexcitability of ACVR172%%" iSNs, a
hallmark of neuropathic pain,”" neuroinflammation®” may further
contribute to the thermal and mechanical hypersensitivity
observed in the patients with FOP.

As we previously reported, a reciprocal cellular interaction
between macrophages and sensory neurons in the DRG
contributes to the persistent neuropathic pain phenotype.&°
Recently, our group also showed that the primary monocytes or
macrophages isolated from the patients with FOP are pre-
dominantly proinflammatory and induced by aberrant ACVR1
signaling.” Proinflammatory mediators released from macro-
phages can directly or indirectly sensitize sensory neurons and
induce pain hypersensitivity.>*2"32 This may involve macro-
phage production of Activin A.*® Thus, it will be important to
determine how immune cells contribute to the sensitization of
sensory neurons in the patients with FOP.

In conclusion, our study shows that neuropathic pain with
mechanical and heat pain hypersensitivity in the absence of
ongoing inflammation is a major clinical component in FOP
manifestations, and it is likely associated with underlying in-
creased excitability of nociceptive sensory neurons and in-
creased response to noxious stimuli secondary to ACVR1
dysfunction. Whether other conditions affecting the BMP/
ACVR1 pathway have similar nociceptive phenotypes remains
to be determined. Regardless, our results suggest that strategies
for modulating ACVR1 signaling hold promise in the management
of the chronic pain experienced by patients with FOP.
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