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Abstract \
Induced pluripotent stem cells (iPSCs) have enabled the generation of various difficult-to-access cell types such as human
nociceptors. A key challenge associated with human iPSC-derived nociceptors (hiPSCdNs) is their prolonged functional maturation.
While numerous studies have addressed the expression of classic neuronal markers and ion channels in hiPSCdNs, the temporal
development of key signaling cascades regulating nociceptor activity has remained largely unexplored. In this study, we used an
immunocytochemical high-content imaging approach alongside electrophysiological staging to assess metabotropic and
ionotropic signaling of large scale—generated hiPSCdNs across 70 days of in vitro differentiation. During this period, the resting
membrane potential became more hyperpolarized, while rheobase, action potential peak amplitude, and membrane capacitance
increased. After 70 days, hiPSCdNs exhibited robust physiological responses induced by GABA, pH shift, ATP, and capsaicin.
Direct activation of protein kinase A type Il (PKA-II) through adenylyl cyclase stimulation with forskolin resulted in PKA-II activation at
all time points. Depolarization-induced activation of PKA-Il emerged after 35 days of differentiation. However, effective inhibition of
forskolin-induced PKA-II activation by opioid receptor agonists required 70 days of in vitro differentiation. Our results identify a
pronounced time difference between early expression of functionally important ion channels and emergence of regulatory
metabotropic sensitizing and desensitizing signaling only at advanced stages of in vitro cultivation, suggesting an independent
regulation of ionotropic and metabotropic signaling. These data are relevant for devising future studies into the development and
regulation of human nociceptor function and for defining time windows suitable for hiPSCdN-based drug discovery.
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1. Introduction functionality of, eg, voltage-gated sodium channels differ

considerably between rodent and human nociceptive neu-
rons. 486283 Erthermore, human dorsal root ganglia (DRG)

Pain is the most prominent cause of morbidity and disability
across the world.“%®° While prevalence for chronic pain is

high,5:37:38:40.52.60.73.76.80 yreatment satisfaction is low.”® Most
research on sensory neurons in general has so far been
conducted in rodent systems.®® Accordingly, the lack of novel
therapeutics is partly attributed to a lack of understanding of the

neurons show a broader coexpression of sensory neuron
subtype markers and less subtype specificity, indicating a more
polymodal function of primate nociceptors.®2¢7:%8 |ast but not
least, human-specific transcriptional profiles not described in

human nociceptive system. Indeed, the expression and  other species have been reported.®*
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Opioids are currently the most effective and thus among the
most frequently prescribed analgesic drugs. The problem of
deleterious side effects such as obstipation, fatigue, addiction,
and often life-threatening respiratory depression®®”""2 remains
and is accompanied by a lack of evidence for analgesic efficacy
for long-term therapy.'*?® There is a huge need for alternative
analgesics. Mechanisms to reduce side effects and to increase
long-term efficacy require disease models using human noci-
ceptive neurons to understand the underlying regulatory
mechanisms.

Opioids modulate the activity of the central and peripheral
nervous system on various levels and can also affect other organ
systems. In the peripheral nervous system, they mainly reduce
nociceptive neuron activity. They exert their action through the
classical w-, 8-, and k-opioid peptide receptors (MOP, DOP, and
KOP, respectively).3**® Signaling through these G protein-coupled
receptors (GPCRs) increases hyperpolarizing potassium channel
activity, reduces voltage-gated calcium channels, and reduces
cyclic adenosin monophosphate (CAMP)-mediated protein kinase
A (PKA) activity.3>*45870 Nociceptive neuron activity can be
increased by a plethora of factors such as inflammatory
interleukins, prostaglandins, and growth factors. Many of those
factors, including depolarization”?"?° as recently shown by us,
sensitize through intracellular cascades such as the PKA path-
way.>720:2223,27.29.36.89.65,77.82 Accordingly, detecting PKA-Il ac-
tivity with conformation-specific antibodies in rodent or iPSC-
derived nociceptors allows to monitor PKA-mediated sensitization
stimuli as well as desensitizing opioid activity.® 7298578

Protocols to generate human nociceptors from human
pluripotent stem cells (PSCs) have been developed based on
small-molecule treatment, transcription factor overexpression, or
combinations of both,#12:28:41:42,51.55.83.66.75 g ;o iPSC-derived
nociceptors reflect a large range of nociceptive properties and
have been used successfully to model neuropathic pain
phenotypes in vitro.847495364 Many of these studies focused
on ion channels involved in nociceptor electrical activity. By
contrast, metabotropic signaling as well as sensitizing or
desensitizing pathways have not received much attention. This
issue is of special importance because human iPSC-derived
Sensory neurons show a very protracted in vitro differentiation. In
this study, we set out to identify the dynamics of protein marker
expression, electrophysiological functionality, and metabotropic
receptor activity and its impact on PKA signaling in hiPSC-derived
nociceptors across 70 days of in vitro differentiation.

2. Methods
2.1. Induced pluripotent stem cell culture and quality control

Main experiments were performed on the male iPSC line
UKBIO13-A (https://hpscreg.eu/cell-line/UKBiI013-A), and addi-
tional experiments were performed on the female iPSC line
UKBIO18-A (https://hpscreg.eu/cell-line/UKBi018-A). The use of
iPSC lines was approved by the Ethics Committee of the Medical
Faculty of the University of Bonn (approval number 275/08), and
informed consent was obtained from the patients. iPSCs were
cultured in StemMACS iPS-Brew (Miltenyi Biotec, Bergisch
Gladbach, Germany, 130-104-368) and split with 0.5 mM EDTA
(Sigma Aldrich, St. Louis, MO, E6511) during maintenance.
Quality control of iPSCs for pluripotency through Tra1-60 flow
cytometric analysis and genomic integrity through single-
nucleotide polymorphism (SNP) analysis was performed on a
routine basis before differentiation, as previously described.® All
detected aberrations were reviewed according to the following
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criteria: no detected copy number variation (CNV) should be
bigger than 500,000 bp. All genes affected by a detected CNV
were filtered against a gene list, composed of human genes from
the gene ontology terms “neural crest development,” “sensory
perception of pain,” as well as additional relevant marker genes.
Only iPSCs that did not show any overlap with the quality control
list were used for further experiments.

2.2. Differentiation of induced pluripotent stem
cell-derived nociceptors

Differentiation of iPSCs into nociceptors was performed as
previously described'? with slight modifications. In detail, single-
celliPSCs were seeded at suitable densities (UKBIO13-A: 3 x 10*
cells/cm?; UKBIO18-A: 7.5 X 10* cells/cm?) in StemMAC iPS-
Brew in the presence of 10 wM ROCK inhibitor Y-27632 (Cell
Guidance Systems, Cambridge, United Kingdom, SMO02) on
Geltrex-coated T175 flasks (Thermo Fisher Scientific, Waltham,
MA, A1413202) at day -1. Twenty-four hours after plating, media
were changed to differentiation media. Neuronal differentiation
was induced by dual SMAD inhibition, 100 nM LDN 193189 (Axon
Medchem, Reston, VA, 1509) and 10 uM SB 431542 (Biozol,
Eching, Germany, TRC-S1546600), from day O to day 6. To
specify the differentiating cells into sensory neurons, 3 uM CHIR
99021 (Miltenyi Biotec, 130104172), 10 pM SU5402 (Sigma
Aldrich, SML0443), and 10 uM DAPT (Axon Medchem, 1484)
were added to the culture from day 3 to day 14. Two basal media
were used during differentiation: medium 1 consists of Knock-
Out DMEM (Thermo Fisher Scientific, 10829-018) with 20%
Knock-Out Serum Replacement (Thermo Fisher Scientific,
10828-028), 2 mM (1x) GlutaMAX (Thermo Fisher Scientific,
35050038), 100 wM (1x) NEAA (Thermo Fisher Scientific,
11140035), and 0.02 mM 2-Mercaptoethanol (Thermo Fisher
Scientific, 31350010). Medium 2 consists of Neurobasal Medium
(Thermo Fisher Scientific, 21103-049) supplemented with 1% N2
supplement (Thermo Fisher Scientific, 17502-048), 2% B27
supplement (Thermo Fisher Scientific, 17504044), 2 mM (1x)
GlutaMAX (Thermo Fisher Scientific, 35050038), and 0.02 mM 2-
Mercaptoethanol (Thermo Fisher Scientific, 31350010). Between
day 0 and day 3, cells were kept in medium 1, from day 4 to day 5,
cells were kept in 75% medium 1 and 25% medium 2, for day 6,
cells were kept in 50% medium 1 and 50% medium 2, from day 7
to 9, cells were kept in 25% medium 1 and 75% medium 2, and
from day 10 to 14, differentiating cells were kept in 100% medium
2. At day 14 of differentiation, cells were dissociated with
Accutase (Thermo Fisher Scientific, A11105-01) and frozen in
cold CryoStor CS10 freezing medium (Sigma Aldrich, C2874-100
ML) at —80°C. After 24 hours, frozen cells were transferred to a
liquid nitrogen tank for long-term storage.

2.3. Flow cytometric analysis of pluripotency and neural
crest cell identity

Mouse anti-TRA1-60 (Millipore, Burlington, MA, MAB4360) in
combination with a goat anti-mouse IgM 488 (Life Tech,
Carlsbad, CA, A21042) secondary antibody was used according
to the manufacturer’s protocol to assess the percentage of
pluripotent cells in the culture before differentiation.
Allophycocyanin  (APC)-conjugated recombinant anti-CD57
antibody (Miltenyi Biotec, 130-111-811) costained with
phycoerythrin  (PE)-conjugated recombinant anti-CD271 anti-
body (Miltenyi Biotec, 130-091-885) was used according to the
manufacturer’'s protocol to assess the percentage of HNK1*/
p75" neural crest cells at day 6 of sensory neuron differentiation.
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Flow cytometric analysis was performed using a BD Accuri
(Becton, Dickinson and Company, Franklin Lakes, NJ).

2.4. Thawing, seeding, and maturing human induced
pluripotent stem cell-derived nociceptors

Frozen iPSC-derived nociceptors were thawed, counted, and
plated at an appropriate density (Table 1) in maturation medium
consisting of Neurobasal A Medium (Thermo Fisher Scientific,
10888022) supplemented with 1% N2 supplement (Thermo
Fisher Scientific, 17502-048), 2% B27 supplement (Thermo
Fisher Scientific, 17504044), 2 mM (1x) GlutaMAX (Thermo Fisher
Scientific, 35050038) and 0.02 mM 2-Mercaptoethanol (Thermo
Fisher Scientific, 31350010), 12 wg/mL Gentamycin (Thermo
Fisher Scientific, 15710049), 200 pM Ascorbic acid (Sigma
Aldrich, A4544), 0.1 ng/mL human recombinant Laminin
(BioLamina, LN521), 10 ng/mL GDNF (Cell Guidance Systems,
GFH2), 10 ng/mL BDNF (Cell Guidance Systems, GFH1), 10 ng/
mL NGF (Peprotech, Cranbury, NJ, 450-01), and 10 ng/mL NT3
(Peprotech, 450-03) supplemented with 10 uM ROCK inhibitor
Y-27632 (Cell Guidance Systems, SM02). Media were changed
after 24 hours to remove ROCK inhibitor. After 3 to 4 days, cells
were treated with 1 pg/mL Mitomycin C (Sigma Aldrich, M4287)
for 2 hours at 37°C to inactivate proliferative cells. Medium was
changed twice per week. Cells were cultivated for up to 70 days.
Specific maturation time points are indicated in all figures.

2.5. Mouse dorsal root ganglia neuron cultures

All animal experiments were performed with male C57BL/6N
mice at the University Cologne. Mice were kept on a 12-hour
light/dark cycle and provided with food and water ad libitum. A
total of 3 newborn and 14 six-week-old mice were sacrificed.
Effort was made to minimize the number of animals used and
their suffering. All animal experiments were performed under
strict consideration of the 3R framework and in accordance with
the German animal welfare law and approved by the Landesamt
fir Natur, Umwelt, und Verbraucherschutz Nordrhein-
Westfalen (LANUV 4.18.003). Dorsal root ganglia were pre-
pared from 2 different age groups (newborn and 6-week-old
mice). The mice were sacrificed by CO, intoxication, and DRGs
were removed, pooled, and incubated in Neurobasal A
(Invitrogen, Waltham, MA, 12349-015)/B27 medium (Invitro-
gen, 17504) containing collagenase P (Roche, Penzberg,
Germany 11213873001) (10 U/mL, 1 hour, 37°C, 5% CO,).
The DRGs were dissociated by trituration with fire-polished
Pasteur pipettes. Axon stumps and disrupted cells were
removed by bovine serum albumin (BSA) gradient centrifugation
(15% BSA, 120 g, 8 minutes). Viable cells were resuspended in

Human induced pluripotent stem cell-derived nociceptor
seeding densities.

Application Seeding density and format
HCS microscopy 40.000 cells per well in a 96-W MTP (Greiner)
High-resolution microscopy ~ 40.000 cells per coverslip (Neuvitro, GG-12-PLO-
L.aminin)
Patch clamp 50.000 cells per coverslip (Neuvitro, GG-12-PLO-
electrophysiology Laminin)

FLIPR calcium assay 40.000 cells per well in a 96-W MTP (Greiner)
FLIPR, fluorescent imaging plate reader; HCS, high-content screening.

PAIN®

NeurobasalA/B27 medium, plated on poly-L-ornithin (0.1 mg/
mL, Sigma Aldrich, P2533)/laminin (5 pg/mL, Invitrogen,
23017015)-precoated 96-well imaging plates (Greiner,
Kremsmunster, Austria, 655090), and incubated overnight
(37°C, 5% CO,).

2.6. Stimulation of human induced pluripotent stem
cell-derived nociceptors and dorsal root ganglia neurons for
high-content screening microscopy

For high-content screening (HCS) microscopy, hiPSCdN and
rodent sensory neuron cultures were stimulated in 96-well
imaging plates with 100 wL of maturation medium per well.
Compounds used in this study were as follows: serotonin (5-HT,
10 mM in dH,0) and fentanyl (10 mM in dH,O) were purchased
from Sigma-Aldrich; cicaprost (PGI2 analog, 10 mM stock in
DMSQO) was from Cayman Chemicals (Ann Arbor, MI); and
forskolin (10 mM stock in DMSO), [D-Ala2]-deltorphin Il (1 mM in
dH>0/0.1% BSA), dynorphin A (1 mM in dH>0/0.1% BSA),
[Met5]-enkephalin acetate salt (1 mM in dH>0/0.1% BSA), and
nociceptin (1 mM in dH>0/0.1% BSA) were purchased from
Tocris (Bristol, United Kingdom). All drugs were prepared as
stocks and stored at —70°C or —20°C until use.

For stimulation, compounds were dissolved in 12.5 pL of PBS
in 96-well V-bottom plates (NerbePlus, Winsen, Germany, 10-
111-0000), prewarmed to 37°C, mixed with 50 wL of medium
from the culture wells, and added back to the same wells.
Stimulations were performed with automated 8-channel pipettes
(Eppendorf, Hamburg, Germany) at low dispense speed on
heated (37°C) blocks. The cells were fixed for 10 minutes at room
temperature (RT) by adding 100 pL of 8% paraformaldehyde
resulting in a final concentration of 4%.

2.7. Immunofluorescence staining

Fixed cells were permeabilized with 0.3% T-X100 (Sigma Aldrich,
T8787) in PBS for 15 minutes at RT. After washing, unspecific
binding was blocked for 1 hour at RT using PBS supplemented
with 5% normal donkey serum (NDS, Sigma Aldrich, D9663) and
0.1% T-X100. Primary antibodies were incubated overnight at
4°C in PBS supplemented with 1% NDS and 0.1% T-X100
(BRNSBA: 1:200, Merck, Darmstadt, Germany, AB5945; ISLET1:
1:100, abcam, Cambridge, United Kingdom, ab86501; RIIB: 1:
100, BD Biosciences, Franklin Lakes, NJ, 610625; Peripherin: 1:
200, Santa Cruz Biotechnology, Dallas, TX, sc-7604; Nav1.8: 1:
100, Alomone labs, Jerusalem, Israel, ASC-016, TrpV1: 1:100,
Alomone labs, ACC-030; S1008: 1:200, abcam, ab52642). Cells
were washed twice with PBS and incubated with secondary
antibodies for 1 hour at RT. Secondary antibodies were diluted 1:
500 in PBS supplemented with 1% NDS and 0.1% T-X100
(donkey antirabbit IgG-Alexa Fluor 488: Thermo Fisher, A-21206,
donkey antimouse IgG-Alexa Fluor 594: Thermo Fisher, A-21203,
donkey antigoat IgG-Alexa Fluor 647: Thermo Fisher, A-21447).
After washing, coverslips were mounted on high-precision cover
glasses using Fluoromount-G with DAPI (Invitrogen, 00-4959-
52). The cover glasses with the mounted coverslips were fixed on
microscope slides and imaged through the cover glass.
Extracellular markers were stained accordingly, but without the
permeabilization step and without T-X100 in any of the incubation
and blocking solutions (Nav1.7: 1:100, abcam, ab85015; TrkA: 1:
50, Alomone labs, ANT-018; hRet: 1:100, R&D Systems,
Minneapolis, MN, AF1485). Images for quantification purposes
were taken with the InCell Analyzer 2200 plate microscope (GE
Healthcare, Chicago, IL) in a randomized and automated manner.
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High-resolution images were taken with ZEISS Axio Imager Z1
equipped with an Apotom 1.0 (Zeiss, Oberkochen, Germany).

For immunofluorescence staining for HCS imaging, the fixed
cells were washed twice with PBS. After blocking and
permeabilization (2% NDS [Dianova, Hamburg, Germany,
017-000-121), 1% BSA (Sigma Aldrich, A9418), 0.1% Triton
X-100 (VWR, Radnor, PA, 112298.0101), 0.05% Tween 20
(Sigma, P9416]) for 1 hour at RT, cultures were incubated with
the respective primary antibodies: chicken polyclonal anti-
bodies against UCHL1 (Novus, Centennial, CO, NB110-58872,
only for DRG neurons), rabbit monoclonal anti-Rlla (phospho-
Ser96) (1:1000, clone 151, Abcam, ab32390), and mouse
monoclonal anti-PKA RIIB (1:1000, BD Transduction Laborato-
ries, Franklin Lakes, NJ, 610625). The primary antibodies were
diluted in 1% BSA in PBS and stored at 4°C overnight.
Subsequent to 3 washes with PBS (10 minutes, RT), cells were
incubated with secondary Alexa dye—coupled antibodies (1:
1000) and DAPI (50 ng/mL) for 1 hour at RT, protected from light.
As secondary antibodies, highly cross-adsorbed Alexa-Fluor —
647 (Life Technologies, A31571), —555 (Invitrogen, A32732),
and —488 (Invitrogen, A32931) were used in 1:1000 dilutions.
After 3 washes with PBS (30 minutes, RT), wells were rinsed with
0.1% Triton X-100in PBS (5 minutes), followed by 20 minutes of
incubation with NeuroTrace 500/525 Green Fluorescent Nissl
Stain solution diluted in PBS (1:500, Invitrogen, N21480) at RT.
After Nissl staining, wells were rinsed with PBS (5 minutes),
0.1% Triton X-100 in PBS (5 minutes), and again 3 times with
PBS (30 minutes). Finally, 96-well plates were filled with PBS,
sealed, and stored at 4°C. Before scanning, plates were allowed
to equilibrate to RT, protected from light.

2.8. High-content screening microscopy

Stained cultures in 96-well plates were scanned using a
Cellomics ArrayScan XTI (Thermo Fisher Scientific) with a light-
emitting diode light source. Images were acquired with a 20X
(hiPSCdN) or 10X (DRG neurons) objective (Zeiss) and analyzed
using the Cellomics software package. In brief, images of Nissl
(hiPSCAN)/UCHL1 (DRG neurons) staining were background
corrected (low-pass filtration), converted to binary image masks
(fixed threshold), segmented (geometric method), and cells were
identified by the object selection parameters: size: 10 to 300 um?
(NiPSCAN 48 hours), 10 to 600 wm? (hiPSCAN 3 weeks), 10 to
800 pm? (NiPSCAN 5 weeks), 10 to 1000 pm? (hiPSCAN 8
weeks), and 80 to 7500 wm? (DRG neurons); circularity (perimeter
2/4w area): 1to 3; length-to-width ratio: 1 to 3 (hiPSCdN) or 1 to 2
(DRG neurons); average intensity: 300 to 5000 (48 hours-5
weeks), 300 to 10,000 (8 weeks), and 800 to 12,000 (DRG); total
intensity: 500 — 1 x 10° (hiPSCdN)and 2 x 10° — 5 x 10" (DRG).
These image masks were then overlaid on images obtained at
other fluorescence wavelengths to quantify signal intensities. To
calculate spillover between fluorescence channels, 3 respective
controls were prepared for each triple staining: (1) Nissl/UCHL1
alone, (2) Nissl/UCHL1 + antibody 1, and (3) Nissl/UCHL1 +
antibody 2. Processing of raw fluorescence data was automated
using R.”* Raw single-cell data of the controls were used to
calculate the slope of best-fit straight lines by linear regression,
which was then used to compensate spillover, as previously
described.®! For analysis, raw mean values of replicates were
normalized to a mean baseline value from all untreated wells.
One-dimensional and 2-dimensional probability density plots
were generated using R packages.”* Gating of subpopulations
was performed by setting thresholds at local minima of probability
density plots.
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2.9. Electrophysiology
2.9.1. Current-clamp recordings

Whole-cell current-clamp recordings were performed with
Axopatch-200B amplifier (Molecular Devices, San Jose, CA),
which was interfaced by an A/D converter (Digidata 1440,
Molecular Devices) to a PC running PClamp software (version
10, Molecular Devices). Pipette electrodes (GB150TF-8P, Science
Products, Hofheim, Germany) were fabricated using a vertical
puller (Narishige PC-10, Narishige, Tokyo, Japan). Recordings
were performed in a bath solution containing the following: 140 mM
NaCl (ROTH, Karlsruhe, Germany, 9265.2), 3 mM KCI (ROTH,
6781.3), 2 mM CaCl, (Sigma Aldrich, C5080), 1 mM MgCl, (Sigma
Aldrich, M8266), 25 mM D-Glucose (Sigma Aldrich, 47829), and
10 mM HEPES (N-2-hydroxyethylpiperazine-N\’-2-ethane sul-
phonic acid) (ROTH, 9105.3) (pH 7.4 adjusted with NaOH;
osmolality 310-320 mOsm). For recordings of membrane potential,
the patch pipette contained the following solution: 140 mM
potassium gluconate (Fluka, 60245), 5 mM HEPES (ROTH,
9105.3), 0.16 mM EGTA (ethylene glycol bis(3-aminoethylether)
tetraaceticacid) (ROTH, 3054.3), 5 mM MgCl, (Sigma Aldrich,
MB8266), and 5 mM phosphocreatine disodium salt (Sigma Aldrich,
P7936) (pH 7.3 adjusted with KOH, osmolality 290 mOsm). Action
potentials were induced by several 500 miliseconds square
current injections of increasing amplitude. Recordings were
sampled at a rate of 100 kHz and low-pass filtered at 10 kHz (4-
pole lowpass Bessel filter). The first action potential evoked by the
square pulse protocol was used to analyze the action potential
properties. Finally, spontaneous neuronal activity was monitored
for 2 minutes in a gap-free recording. Data were analyzed using
ClampFit software (Molecular Devices).

2.9.2. Voltage-clamp recordings

Whole-cell patch-clamp experiments were performed with a HEKA
EPC 10 patch-clamp amplifier and using Patchmaster software
v2x73 (HEKA Elektronik Dr. Schulze GmbH, Ludwigshafen,
Germany). The sampling rate was 50 kHz, and a Bessel filter with
frequency borders of 3 to 1000 Hz was used. Borosilicate patch
electrodes (Harvard Apparatus, Holliston, MA) manufactured with a
DMZ-universal puller (Zeitz-Instrumente GmbH, Planegg, Ger-
many) and resistances of 3 to 5 M() were used. The electrodes
were filled with an internal solution containing the following (in mM):
130KClI, 2 MgCly,, 0.5 CaCl,, 5 BAPTA, 10 HEPES, 3 Na,ATP, and
pH 7.2 adjusted with KOH. The extracellular solution contained the
following (in mM): 150 NaCl, 3 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES,
and 10 glucose. The pH was adjusted to 7.4 with NaOH. After
achieving whole-cell configuration, the cell was voltage-clamped at
a holding membrane potential of —60 mV. Afterwards, the neurons
were recorded for ligand-gated ion channels in voltage-clamp.
After a stable potential was observed, the various ligands (ATP 10
pM—2 seconds; +y-aminobutyric acid (GABA) 100 pM—10
seconds; pH5.3—10 seconds) were directly applied to the cell
by a multivalve perfusion system (ALA Scientific Instruments, New
York, NY), and the hyperpolarization effect on each neuron was
monitored. Patch-clamp data were analyzed using the Patch-
master online measuring tool.

2.10. Capsaicin fluorescent imaging plate reader assay

The fluorescentimaging plate reader (FLIPR) assay was conducted
as described in the study conducted by Damann et al.,'® with
minor adaptations. Cells were plated in clear bottom black 96-well
plates (Corning Cellbind Surface Assay Plates No. 3340, Corning,
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NY) at a density of 40,000 cells/well, and 49 up to 58 days after
differentiation, the resulting peripheral sensory neurons were
tested in the Fluorescent Imaging Plate Reader (FLIPR). On the
day of the experiment and before dye loading, the neurons were
inspected under the microscope to identify wells with a detached
neuronal layer, which were excluded from further analysis. In the
following, medium was replaced, and the cells were incubated with
Fluo-4 (Molecular Probes, Eugene, OR) and 0.01 vol % Pluronic
F127 (Molecular Probes) in Hanks buffered saline solution (HBSS,
Gibco Invitrogen) for 30 minutes at 37°C. The plates were then
washed with HBSS buffer and, after a further incubation for 15
minutes at room temperature, used in the FLIPR assay for Ca®*
measurement (wavelength Nex = 488 nm, Ay = 540 NM).

Two FLIPR protocols were designed to test for agonistic activity
by capsaicin and the inhibition of capsaicin-stimulated TRPV1
activation by preincubation with a fixed concentration of capsaze-
pine (10 wM), respectively. KCl was used to test for nonspecific
activation of the fluorescence assay. The final KCI concentration
selected was 100 mM. Capsaicin (3 concentrated for a 50-puL
addition to reach a total volume of 150 wL; stock concentration
10 mMin DMSO, Sigma, M2028) as well as KCI (3% concentrated
for a 50-p.L addition to reach a total volume of 150 pL; 300 mM in
HBSS/0.3% DMSO, Merck, 1.04936.1000) were added to the
cells, and the fluorescence was measured. The highest test
concentration of capsaicin was 10 wM; all other concentrations
were generated by 1 to 10 dilution steps in HBSS that a final DMSO
concentration of 0.3% was not exceeded. In separate wells, cells
were treated outside the instrument with 10 wM of the specific
TRPV1 antagonist capsazepine 6 minutes before capsaicin
stimulation to test for the specificity of the reaction. The overall
detection time for the run was 6 minutes. For data analysis, FLIPR
raw data (fluorescence units) were normalized to the response
elicited by 10 uM capsaicin. The quantification for approximative
half maximal effective concentration (ECsc) values was performed
by measuring the highest fluorescence intensity (FC, fluorescence
counts) over time. ECsq values were calculated using GraphPad
Prism (GraphPad Software, San Diego, CA).

3. Statistics

Data sets are presented using appropriate summary statistics as
indicated in the figure legends. Statistical analyses were
performed using GraphPad Prism (GraphPad Software). Statis-
tical analyses with respective post hoc tests and appropriate
corrections for multiple comparisons were performed as de-
scribed in detall in the figure legends. P < 0.05 was considered
statistically significant.

4. Results

4.1. Early expression of maturation markers in
cryopreservable human induced pluripotent stem
cell-derived nociceptive sensory neurons

Nociceptive sensory neurons were generated from human iPSC
following the protocol by Chambers et al.'? Conditions were
optimized to set up a robust, scalable, and efficient differentiation
and maturation process of the used iPSC lines. To that end, cell
preparation was split into a first phase encompassing the
generation of cryopreservable immature nociceptors after 14 days
of differentiation, followed by a standardized maturation phase for
up to 70 days (Fig. 1A). The starting cell density was optimized for
each used iPSC line. To that end, multiple iPSC seeding densities
ranging from 2 x 10% to 12 x 10% cells/cm? were tested. The
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optimal seeding density was determined based on successful
generation of peripheral neurons and the purity of the obtained
cultures. Following the regimen of dual SMAD inhibition,'"1?
treatment with LDN193189 and SB431542 was extended to day 6
of differentiation, and the application of differentiation-relevant
small molecules (CHIR99021, DAPT, SU5402) was started at day 3
instead of day 2 and prolonged until day 14 instead of day 10
(Fig. 1A). Before entering differentiation, iPSCs were validated for
pluripotency based on TRA1-60 expression (Fig. S1A, available at
http://links.ww.com/PAIN/B776) and genomic integrity through
high-resolution SNP analysis (data not shown). Formation of
neuroectoderm was induced by dual SMAD inhibition, using BMP
(bone morphogenetic protein) and TGF-B (transforming growth
factor beta) signaling inhibitors LDN 193189 and SB 431542.
Differentiating cells were further specified towards the sensory
neural lineage by inhibition of GSK3, FGF, and Notch signaling
using CHIR 99021, SU5402, and DAPT, respectively (Fig. 1A). An
intermediate neural crest stage was confirmed by detection of
coexpression of HNK1 and p75 after 6 days of in vitro differentiation
(Fig. S1B, available at http://links.lww.com/PAIN/B776). To enable
large-scale provision of up to 1 billion cells, immature sensory
neurons were harvested after 14 days of differentiation and frozen
at1to 10 X 10° cells/mL in CryoStor CS10 freezing medium at —
80°C. For long-term storage, cryopreserved cells were transferred
to liquid nitrogen after 24 hours.

For subsequent applications, cells were thawed, seeded in
suitable culture formats, and matured in the presence of neuro-
trophic factors for up to day 70 (Table 1; Fig. 1A). Cells were treated
with mitomycin C 3 to 4 days after thawing to maintain neuronal
cultures and inhibit proliferation of non-neuronal cells. Already 48
hours after thawing at day 17 of in vitro culture, 65.9% = 18.9% and
71.0% *+ 12.9% of the cells showed expression of the transcription
factors BRN3A and ISLET1, respectively. At this time point, 55.6% =
19.1% and 62.0% = 18.3% of the cells stained positive for the
peripheral voltage-gated sodium ion channels Nav1.7 and Nav1.8,
respectively; the nociceptor marker proteins TRKA, TRPV1, and
PKA-RIIB were detected in 59.4% = 18.6%, 63.3% = 18.7%, and
54.7% + 13.5% of the cells, respectively (Fig. 1C, S2, S3, available
at http://links.lww.com/PAIN/B776). Expression of these markers
increased with further maturation, plateauing at day 35 of in vitro
maturation. At the same time, variability between different cultures
decreased with time. After day 70 of in vitro maturation, expression of
all these markers approached 100% (BRNSA: 98.4 + 0.9%; ISLET1:
98.2 + 1.3%, Nav1.7: 95.5 = 1.6%; Nav1.8 98.5 = 0.5%; TRKA:
97.5 = 1.2%; TRPV1: 91.3 = 5.9%; PKA-RIIB: 98.3 = 0.6%;
Figs. 1B and C, S2, S3, available at http://links.lww.com/PAIN/
B776). HIPSCdNs typically grew in clusters, which generated a
dense hub and spoke architecture of strongly peripherin-positive
processes. The number of S100B3-positive presumptive glial cells
sharply dropped after mitomycin C treatment on day 17 from 26.7 =
11.6% after day 16 to levels well below 10% at =day 35 of
maturation (Figs. 1B and C, S2, S3, available at http://links.lww.
com/PAIN/B776). Thus, the in vitro differentiation protocol used
enables robust generation of hiPSCdNs with a largely homogeneous
marker expression profile.

4.2. Time-dependent electrophysiological maturation and
ligand-gated ion channel functionality

Human iPSC-derived nociceptors were characterized by whole-cell
current-clamp recordings after 28, 42, 56, and 70 days of
differentiation (Fig. 2, S4, available at http://links.lww.com/PAIN/
B776). Furthermore, functionality of ligand-gated ion channels was
confirmed by voltage-clamp recordings or FLIPR calcium assay at
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Figure 1. Generation and validation of nociceptive sensory neurons. (A) Timeline of the differentiation and maturation protocol. (B) Quantification of peripheral
neuronal, nociceptor, and glial marker expression of cryopreserved hiPSCdNs over the time course of in vitro differentiation (mean = SEM, N = 3). (O)
Immunostaining of the sensory neuron markers BRN3A, ISLET1, PRPH, Nav1.7, and Nav1.8, the nociceptor markers TRKA, TRPV1, and PKAR, as well as the glial
marker S1008 in hiPSCdN neuron cultures after 70 days of differentiation. hiPSCdNs, human induced pluripotent stem cell-derived nociceptors; iPSCs, induced
pluripotent stem cells; MMC, mitomycin C; RI, ROCK inhibitor. BRN3A, brain-specific homeobox/POU domain protein 3A; ISLETT, ISL LIM homeobox 1; PRPH,
Peripherin, Nav1.7, Voltage-Gated Sodium Channel Alpha Subunit Nav1.7; Nav1.8, Voltage-Gated Sodium Channel Alpha Subunit Nav1.8; TRKA, Tropomyosin
receptor kinase A; TRPV1, transient receptor potential cation channel subfamily V. member 1 ; PKA RIIB, Protein Kinase A regulatory subunit RIIB; KO DMEM,
Knock Out Dulbecco’s Modified Eagle Medium; NGF, Nerve growth factor; BDNF, Brain-derived neurotrophic factor; GDNF, Glial cell line-derived neurotrophic

factor; NT-3; Neurotrophin-3.

day 70 of in vitro culture (Fig. 3). For each tested time point, 20 cells
were analyzed by current-clamp recordings. The resting membrane
potential gradually decreased from —63.98 + 0.93 mV at day 28 in
culture to —68.41 = 1.28 mV at day 70 (mean = SEM, Fig. 2B).
Rheobase increased from 67.00 = 10.13 pA at day 28 to 122.00 *+
15.02 pA at day 70 in culture (Fig. 2C). Simultaneously, the action
potential peak amplitude increased from 91.08 = 2.7 mV at day 28
10 96.24 = 2.70 mV at day 42 and 100.50 = 1.52 mV at day 70

(Fig. 2D). The action potential half-width decreased from 1.87 =
0.08 milliseconds at day 28 to 1.49 = 0.09 milliseconds and 1.47
+ 0.11 milliseconds at day 42 and day 56, respectively, followed by
an increase back to 1.90 = 0.11 milliseconds at day 70 (Fig. 2E).
The capacitance of the iIPSC-derived nociceptors doubled from
45,13 = 3.12 pF at day 28 t0 89.67 = 6.3 pF at day 56 and further
increased to 105.20 = 9.22 pF at day 70 of in vitro culture (Fig. 2F).
The input resistance of hiPSCdNs decreased over time from
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Figure 2. Electrophysiological properties develop over time in hiPSCdNs. Electrophysiological properties of hiPSCdNs derived from iPSC line UKBIO13-A. (A)
Exemplary trace of a multiple action potential firing hiPSCdN after 70 days of in vitro differentiation. (B-G) Electrophysiological parameters change and develop
over the time of maturation: resting membrane potential (B), rheobase (C), action potential (AP) peak amplitude (D), AP half-width (E), capacitance (F), and input
resistance (G). Values are represented as mean = SEM. N = 20 patched cells per time point. The Friedman test with the Dunn multiple comparison test; *P < 0.05,
P <0.01, P < 0.001, and ***P < 0.0001. (H) Action potential firing behavior in response to a series of 500 milliseconds current steps from 0 to 500 pA. Data
are represented as mean values + SEM. (I) Quantification of induced action potential firing behavior over the time course of in vitro maturation. (J) Quantification of
spontaneous firing behavior over the time course of in vitro differentiation and representative trace of a spontaneously active hiPSCdN after 70 days of in vitro
cultivation (not corrected for liquid junction potential). hiPSCdNs, human induced pluripotent stem cell-derived nociceptors; iPSCs, induced pluripotent stem cells.
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Figure 3. Human induced pluripotent stem cell-derived nociceptors express functional ligand-gated channels and receptors. (A) hiPSCdNs were found to be
responsive in voltage-clamp to the application of 100 wM GABA, a shift to pH 5.4, and the application of 10 WM ATP after 70 days of in vitro culture. Black bars
indicate compound application, followed by a washout. (B) Fluorescent Imaging Plate Reader (FLIPR) calcium assay revealed reactivity to the TRPV1 stimulating
compound capsaicin in a dose-dependent manner that was fully blocked by application of the TRPV1 antagonist capsazepine after 70 days of differentiation.
hiPSCdNs, human induced pluripotent stem cell-derived nociceptors. GABA, y-aminobutyric acid; ATP, adenosine triphosphate; TRPV1, transient receptor
potential cation channel subfamily V member 1; HBSS, Hanks’ balanced salt solution.

265.90 = 18.08 at day 28 to 108.20 = 10.83 M at day 70
(Fig. 2G). Action potential firing frequency on current injection was
found to strongly increase up until day 56, followed by a slight
decrease at day 70 of maturation (Fig. 2H). The number of neurons
capable of firing multiple action potentials on current injections
increased from 50% at day 28 to 85% to 90% between day 42 and
day 70 of maturation (Fig. 2I). Spontaneous activity was assessed
by a 2-minute gap-free recording and only detected in a minority of
the analyzed neurons (10%-15%) after at least 42 days of
maturation with a very low frequency below 0.05 Hz (Fig. 2J).
The presence and functionality of ligand-gated channels was
verified in voltage-clamp or by FLIPR calcium assays (Fig. 3). After
70 days in culture, hiPSCdNs showed evoked currents after
application of 100 wM GABA, pH shift (to pH 5.3), and 10 uM ATP
(Fig. 3A). Furthermore, using a fluorescent imaging plate reader
(FLIPR) assay, functionality of the heat-sensitive receptor TRPV1
was tested after 70 days of in vitro maturation. We examined the
response of hiPSCdNs to increasing concentrations of capsaicin
(0.0001 wM-10 wM). Concentrations greater than 0.1 wM capsaicin
induced anincrease in fluorescence. The activation of hiPSCdNs by
capsaicin was fully blocked by preincubation with 10 wM of the
TRPV1-specific antagonist capsazepine (Fig. 3B), indicating
functional expression of TRPV1. Taken together, these data
indicate that the iIPSCdNs undergo protracted functional matura-
tion that continues to at least 70 days of in vitro differentiation.

4.3. Receptor-independent intracellular protein kinase A
type Il sensitization signaling matures early in human
induced pluripotent stem cell-derived nociceptors

A large number of diverse stimuli such as prostaglandins,
serotonin, epinephrine, opioids, and neuronal depolarization
modulate the activity of protein kinase A type Il (PKA-Il) in

nociceptive neurons. When PKA-II signaling emerges in hiPSCdNs
is not known. We adapted an HCS microscopy—based method for
monitoring the activation process of endogenous PKA-II signaling
activity®”2%3%78 in hiPSCAN cultures after 16 days, 35 days, 49
days, and 70 days of differentiation. Software-based identification
of objects in neuronal cultures with dense neurite networks was
achieved by establishing fluorescence detection of Nissl staining of
neuronal cell bodies for automated image analysis (Fig. 4A).

Using the automated imaging analysis objects of distinct sizes
were observed (Figs. 4B-D, S5, available at http://links.lww.
com/PAIN/B776). A lower cutoff of 10 pm?® was set to
discriminate cells from debris. Following this protocol, we
identified objects within a size range between 10 and approxi-
mately 800 pm?. The proportion of cells with a cross-sectional
area above a threshold of 120 wm? increased gradually over time
from 10.2% =+ 2.63% (after 16 days) to 56% = 3.41% (after 70
days; Figs. 4C and D, S5, available at http://links.lww.com/
PAIN/B776). Similar to the recorded increase in cell membrane
capacity (Fig. 2F), objects above the threshold increased in size
with time of maturation (from 172.80 = 0.17 um? at day 16 to
402.10 + 0.48 wm? at day 70) (Fig. S6; Suppl. Table 2, available
at http://links.lww.com/PAIN/B776). Functionally, no differences
were observed between responses to stimulations of large and
small-sized objects (data not shown). For better comparability
with electrophysiological experiments described earlier, which
are generally performed on larger neurons but not on very small
objects, only quantification of objects above the threshold is
shown in subsequent functional analyses.

Immunofluorescent detection of the phosphorylated regulatory
RIl subunit of PKA (pRill) is a surrogate measurement for the activity
of PKA-Il (Fig. 5A).%2 High-content screening microscopy-based
measurement of pRIl intensity changes allows quantification of
endogenous PKA-Il responses in hiPSC-derived nociceptors over
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Kinase A regulatory subunit RIIB, DAPI, 4’,6-diamidino-2-phenylindole.

the time course of in vitro maturation (Figs. 5B-E). First, mediators
known for their nociceptor sensitizing activity were analyzed?®’
(forskolin”-9-29:30:32-34.78 | 51479.32.34 K G978 pGI2/cicaprost®®,
opioids®¥). Cells were stimulated for 5 minutes, fixed, and
immunocytochemically analyzed for pRIl response on a single-
cell level. Forskolin is membrane permeable and directly activates
cytoplasmic adenylyl cyclases independent of membrane recep-
tors and their downstream signaling pathways (Fig. 5A). Forskolin
induced pRiIl signals of similar magnitude at all time points, which
reached statistical significance in all but the day 35 group (Fig. 5B).
At 70 days, we noticed a concentration-dependent increase of pRill
intensity when comparing the responses with 3 uM and 10 pM
forskolin, respectively, and confirmed this in hiPSCdNs derived
from a genetically distinct iPSC line (UKBIO18-A; Fig. 5B, Fig. S7A,
available at http://links.lww.com/PAIN/B776).

By contrast, stimulation of hiPSCdNs with the GPCR ligands,
serotonin (5-HT), and cicaprost (Cic, more stable prostacyclin
PGI2 analogue) resulted in no significant pRIl responses,
although a slight trend towards increased responses was
detectable after longer maturation times (Figs. 5C and D).

Previously, we identified depolarization to be able to induce pRIl
sensitization signaling.”° Indeed, depolarization by KCl induced
a significant pRIl response also in hiPSCdNs at all maturation
stages beyond day 16 (Fig. 5E).

These data indicate that robust PKA-II signaling can be initiated
as early as day 16 by membrane-permeating pharmacological
treatment as well as by depolarization in hiPSCdN. By contrast,
receptor ligands did not show significant induction of PKA-II
activation during the observed maturation time of 70 days.

4.4. Inhibitory effects of opioids on protein kinase A type Il
signaling emerge only after prolonged in vitro maturation in
human induced pluripotent stem cell-derived nociceptors

While opioids are standard drugs for pain therapy, the expression
and signaling capability of MOP, KOP, DOP, and the nociceptin/
orphanin FQ peptide receptor (NOP) in hiPSCdNs has not been
analyzed yet. Immunocytochemical staining indicates expression
of all 3 classical opioid receptors (MOP, KOP, and DOP) as well as
NOP in hiPSCdN cultures throughout the maturation time
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Figure 5. PKA-Il intensity in human iPSC-derived nociceptors exposed to pronociceptive mediators. (A) Schematic diagram of proalgesic mediators (green) and
analgesic ligands (red) used in this study. Components of the figure were adapted from Servier Medical Art (https ://smart .servi er.com/#). (B) Forskolin (Fsk, 3 and
10 pM) induces a constant pRIl response across the tested time points of maturation in hiPSCdNs derived from iPSC line UKBIO13-A. (C and D) Stimulation with
GPCRs ligands, serotonin (5-HT, 0.01 and 1 pM), and cicaprost (Cic, 0.04 and 10 nM) resulted in a sensitization regulation that showed a trend to increase with
maturation time. (E) KCI (20 and 40 mM) induced a significant pRIl response only after 35 days, followed by a constant sensitization for longer time points. Values
are represented as mean values = SEM; N = 3independent cell culture preparations with 9 to 15 individual data points per conditions, >9000 neurons/condition.
Allvalues are shown as “pRill relative intensities.” All data were normalized to the baseline control. Two-way ANOVA with Bonferroni multiple comparison test; *P <
0.05; **P < 0.01; **P < 0.001; and ***P < 0.0001 indicate significance levels between conditions compared with the baseline control of the respective time point.
ANOVA, analysis of variance; hiPSCdNs, human induced pluripotent stem cell-derived nociceptors; iPSC, induced pluripotent stem cells; PKA-II, protein kinase A
type Il. GPCR, G protein-coupled receptors; 5-HT, 5-hydroxytryptamine / serotonin; pRIl, phosphorylated regulatory Rl subunit of PKA; cAMP, cyclic adenosine
monophosphate; KCI, potassium chloride.

(Fig. 6A, S8, available at http://links.lww.com/PAIN/B776). We  inhibits adenylyl cyclase-driven cAMP generation and thus
then stimulated the cells with receptor agonists and measured  decreases PKA-Il activity (Fig. 5A). Stimulation of opioid
their inhibitory impact on forskolin (8 wM)—induced pRIl-  receptors did not result in reduced PKA-Il activity after maturation
immunofluorescence signals (Figs. 6B-G), as previously de-  of 16, 35, or 49 days. Only after maturation for 70 days, inhibitory
scribed for rodent DRG neurons.® Activation of opioid receptors  effects were detected. Application of fentanyl (MOP agonist,
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Figure 6. Opioid receptor signaling develops nonlinearly over maturation time in human iPSC-derived nociceptors. (A) Representative images of hiPSCdN
expressing the opioid receptors MOP, KOP, DOP, and NOP after 21 and 70 days of differentiation. (B) Selected opioid receptor ligands used in this study and their
respective target receptor (Fent 5 Fentanyl, Deltll 5 Deltorphin Il, Met-Enk5Met-Enkephalin, Noc5Nociceptin, and DynA5Dynorphin A).Main affinity is indicated by
solid arrows, while lower affinity is indicated by dashed arrows [adapted from Refs. 20, 46]. Components of the figure were adapted from Servier Medical Art (https
//smart .servi er.com/#). (C-G) pRIl intensities after forskolin (Fsk) stimulation and application of analgesic compounds in hiPSCdN derived from iPSC line
UKBIO13-A. Fentanyl (C, MOP agonist) nociceptin (D, NOP agonist) showed significant reduction of forskolin for both concentrations tested. Deltorphin Il (E, DOP
agonist) only for the higher concentration, while dynorphin A (F, KOP agonist) and Met-Enkephalin (G, DOP/MOP agonist) did not show inhibitory effects on PKA-II
activation at any tested time point. All values are shown as “pRll relative intensities.” All data were normalized to the baseline control, baseline levels are indicated as
adashed line. Two-way ANOVA with Bonferroni multiple comparison test; *P < 0.05; **P < 0.01; and ***P < 0.001 indicate significance levels between conditions
compared with the forskolin stimulation only at the respective time point. Data are represented as mean values = SEM; N = 3 to 4 independent cell culture
preparations with 5 to 15 individual data points per conditions, >5000 neurons/condition. ANOVA, analysis of variance; hiPSCdNs, human induced pluripotent
stem cell-derived nociceptors; iPSC, induced pluripotent stem cells; PKA-II, protein kinase A type II.DAPI, 4’,6-diamidino-2-phenylindole; MOP, .-opioid peptide
receptor; KOP, k-opioid peptide receptor ; DOP, §-opioid peptide receptor; pRIl, phosphorylated regulatory Rl subunit of PKA; PRPH, peripherin; hRET, human
receptor tyrosine kinase.
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Figure 7. Opioid receptor signaling in hiPSCdN and mouse DRG neurons. (A) Cell density plots showing pRII/RIIB-labeled 70 days differentiated hiPSCdN derived
from iPSC line UKBiO13-A and DRG neurons from 6-week-old mice (m_6W) stimulated with 3 wM forskolin (Fsk) or 3 wM forskolin in combination with 10 pM
fentanyl (Fent_10). Dashed lines indicate gating thresholds to discriminate between RIIB (—) and RIIB (+) neurons. The opioid influences only the RIIB (+) cells of 6-
week-old mouse DRGs, while in the case of 70 days differentiated hiPSCdN, we can observe that both RIIB (=) and RIIB (+) are influenced by fentanyl. (B) Fold
changes of pRIlintensities for all time points in hiPSCAN cultures and DRG neurons of 6-week-old mice (m_6W). Fentanyl (10 wM) shows similar efficiency between
the mouse data and 70-day-old hiPSCdN cells only, suggesting that functional MOP signaling is fully established at this respective time point and not earlier. All
values are shown as “pRll relative intensities.” All data were normalized to the baseline control, and baseline levels are indicated as a dashed line. Two-way ANOVA
with Bonferroni multiple comparison test; *P < 0.05; **P < 0.01; and **P < 0.001 indicate significance levels between conditions compared with the forskolin
stimulation of the respective time point. Data are represented as mean values = SEM; N = 14 animals for m_6W, >7000 neurons/condition; N = 3 independent
cell culture preparations with 5 to 15 individual data points per conditions (hiPSCdN), >5000 neurons/condition. ANOVA, analysis of variance; DRG, dorsal root
ganglia; hiPSCdNs, human induced pluripotent stem cell-derived nociceptors; iPSC, induced pluripotent stem cells. MOP, w-opioid peptide receptor; pRill,
phosphorylated regulatory RIl subunit of PKA; RIIB, total regulatory RIl subunit of PKA.

Fig. 6C) resulted in a significant reduction of the forskolin-induced  5.1. Authenticiy of human induced pluripotent stem
PKA-II activity for both concentrations tested (5 and 10 uM).  cell-derived nociceptors as a model system for human
Likewise, application of nociceptin (NOP agonist, Fig. 6D)  nociceptive neurons

induced a significant reduction of the forskolin-induced PKA-Il npyitiple protocols have been published for the differentiation of human
activity for low (5 wM) and high (20 uM) concentrations tested.  gmpryonic, as well as induced pluripotent stem cells into mixed

The DOP agonist Deltorphin Il, on the contrary, showed an aimost sensory neuron cultures and defined sensory neuron subtypes.!
significant reduction of the PKA-Il activity at 20 uM (P = 0.0506),  gyrategies used include extrinsic factor-driven differentiation, 121851
but not at 10 wM (Fig. 6E). Dynorphin A (KOP agonist, Fig. 6F)  «orward programming” by transcription factor overexpression,® and
and Met-Enkephalin (DOP/MOP agonist, Fig. 6G) did not show  ~5mpined approaches. 72886 The most frequently used paradigm
significant inhibitory effects on PKA-Il activation at any tested time  \yas introduced by Chambers et al."2 This protocol uses a dual SMAD
point. To corroborate opioid signaling in hiPSC-derived nocicep-  jnnipition (inhibition of BMP and TGF-B signaling) in a cell density—
tors, we confirmed the fentanyl response in hiPSdNs generated dependent manner to induce early neuroectoderm, followed by
from a second female donor (Fig. S7B, available at http://links. s ther patteming into peripheral nociceptive neurons.'’ Stem
Iww.com/PAIN/B776). Of interest, the inhibitory effect of fentanyl o) gerived nociceptors generated in this manner have been
in hiPSCdNs at day 70 was comparable in effect size with its successfully used for disease modeling® 145474281 and personalized
inhibitory activity in DRG neurons derived from 6-week-old mice  herapy studies. ™ We established a large-scale differentiation scheme
(Fig. 7). Collectively, these data show that functional modulation  pased on this protocol. We were able to generate reproducible
of PKA-II signaling through the classical opioid receptor MOP as  ya1ches of up to 1 bilion nociceptive sensory neurons that express
well as NOP receptors in hiPSC-derived nociceptors generated key markers for sensory neurons (BRN3A, ISLET1, PRPH, hRET,
by small molecule-based differentiation requires prolonged in  NAv1 7, and NAV1.8) as well as nociceptors (TRKA, PKARIIB, and
vitro maturation of approximately 70 days. TRPV1). Contaminating glial cells were gradually removed over
cultivation time after a treatment with the antiproliferative drug
mitomycin C. High-content screening microscopy revealed that
plated hiPSCdNs have a mean cross-sectional area of 402.1 =+
Human iPSC-derived nociceptors offer the potential to investigate ~ 0.48 wm?, which, in case of an ideal circle, corresponds to a mean
molecular and cellular mechanisms in this otherwise hardly  diameter of 22.6 + 0.78 um after 70 days of differentiation. The
accessible type of sensory neuron. In contrast to, eg, exogenous  diameter of human DRG neurons was previously reported to range
expression of human target proteins in immortalized cell lines, this  from 20 to 100 um, and the size of human TrkA-positive nociceptors
in vitro system provides a more authentic representation of cell  was found to range from 300 to 700 wm? in cryosections of DRG
intrinsic regulatory mechanisms involving, among others, intracel- tissue.2#%2 This suggests that hiPSCdNs recapitulate important
lular signaling networks. Because the regulatory interplay between ~ morphological features of small-diameter human nociceptive sensory
ionotropic and metabotropic signaling is key to the understanding  neurons. The generated human nociceptors are electrophysiologically
of activity of nociceptive neurons,?'%"2° we focused our analysisof  active, and our data obtained from 70-day-old hiPSCdNs largely
the hiPSC-derived nociceptors on these 2 properties. recapitulate findings in primary human fetal and adult DRG neurons for

5. Discussion
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resting membrane potential, action potential peak amplitude, and
membrane capacitance (Suppl. Table 1, available at http://links.ww.
com/PAIN/B776)."%25%5 The action potential half-width of primary
fetal and adult human DRG neurons was reported to range from 3to 7
miliseconds, '%2>%¢ whereas in our hiPSCANSs, it was found to be 1.9
miliseconds for the iPSC-derived nociceptors (Suppl. Table 1,
available at http://links.lww.com/PAIN/B776). The expression of
functional GABA, P2X3, ASIC, and TRPV1 receptors observed in
our hiPSCdNss is in line with previously published expression patterns
and functional traits of human stem cell-derived nociceptive sensory
neuron cultures, as well as with data generated from primary human
adult and embryonic DRG neurons.* 0122541566379 \whjle we
cannot assure that our iPSC-derived nociceptive sensory neurons
reflect authentic DRG neurons, these data indicate that they exhibit
protein expression profiles and functional traits compatible with
primary nociceptors and are thus suitable for assessing nociceptive
metabotropic signaling.

5.2. High-content screening microscopy reveals differential
emergence of pain-related signaling pathways across
hiPSCAN differentiation

We introduced HCS microscopy for the analysis of nociceptive
neurons including endogenous opioid signaling.>2%:33:3448 A com-
plete digitalization of cell cultures as performed in the process of HCS
microscopy analysis allows quantification of very large numbers of
cells at the single-cell level, including assessment of heterogeneity.
This approach enabled us to monitor sensitization signaling activity of
an entire population of cultured hiPSCdNs for up to 70 days. This
vastly extends previous studies where HCS microscopic analysis of
iPSC-derived sensory neurons has only been performed up to 39
days of differentiation, with a restricted focus on calcium imaging in
response to voltage-gated sodium channel modulators.?® By
contrast, we applied an HCS microscopy approach to study how
metabotropic intracellular sensitization signaling changes during
long-term maturation of hiPSCdAN. We quantified the expression of
PKA-RIIB, a subgroup marker predominantly expressed in nocicep-
tive neurons, as well as a kinase required for pain sensitization (PKA-I)
80 and found it to be expressed in virtually all neurons after day 35 of in
vitro culture. In line with the increasing membrane capacitance of
hiPSCdN, an increasing soma size was observed by HCS
measurements. While activation of GPCRs by 5-HT or cicaprost
showed only a tendency of PKA-Il response after 35 days of
differentiation, forskolin induced a robust pRiIl response already after
16 days by direct activation of adenylyl cyclase. These data indicate
that functionality of the intracellular signaling machinery develops
early, while the receptor input level develops gradually with the
hiPSCdN maturation. KCl stimulation showed a significant increase of
the pRIl response from 16 to 35 days, with subsequent plateauing.
This suggests that not only GPCRs but also voltage-gated channels
are dynamically regulated throughout maturation.

Sensory neurons are differentiated in vivo from neural crest cells at
the transition from the first to the second trimester of pregnancy
around gestational weeks 10 to 15.%” The opioid receptor signaling
system in humans is already established before birth, and matemal
opioid use can lead to severe developmental defects, affecting
among others somatosensory cortex, hippocampus, or heart.? Of
interest, the opioid receptor agonists fentanyl and nociceptin
showed inhibitory activity only after 70 days of neuronal differenti-
ation, ie, the longest time point of in vitro differentiation examined.
The effect at this stage is comparable with the inhibitory effect of
fentanyl observed in mouse DRG neurons. Application of the KOP
agonist dynorphin A did not counteract forskolin-induced PKA-II
signaling. Thus, studies addressing the regulatory network of

PAIN®

sensitizing and inhibitory GPCRs may require maturation times of
up to 70 days. Expression of all 4 opioid peptide receptors was
already detected as early as 21 days of differentiation. However,
receptor functionality was detected only after 70 days. This contrast
between expression and function suggests that the receptors
themselves or key proteins of the downstream signaling pathway
might be differentially regulated across hiPSCAN maturation or that
intracellular transport and integration of receptors into the cell
membrane changes over time. Further studies are required to
decipher this phenomenon. Such studies might further gain by
including single-cell RNA sequencing to extend the single-cell
imaging data to the transcriptomic level and to assess heterogeneity
and potential subpopulations among the hiPSCdAN.

6. Conclusion

In summary, we present a thorough time course analysis of
differentiating hiPSCdNs including sensory and nociceptor marker
expression, electrophysiological properties as well as proalgesic and
analgesic intracellular PKA signaling. While intracellular PKA
signaling emerges early, inhibitory opioid receptor signaling was
not observed before 70 days of in vitro maturation. A fully functional
cell model is a key prerequisite for disease modeling and drug
discovery. The onset of inhibitory opioid receptor signaling in
hiPSCdNs at advanced stages of in vitro differentiation highlights
the importance of careful time course analyses to identify windows
suitable for the analysis of respective pathways and their exploitation
for drug screening applications and personalized medicine.
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