Vti1b promotes TRPV1 sensitization during inflammatory pain
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Abstract

Sensitization of the Transient receptor potential ion channel vanilloid 1 (TRPV1) is critically
involved in inflammatory pain. To date, manifold signaling cascades have been shown to
converge onto TRPV1 and enhance its sensitization. However, many of them also play a role
for nociceptive pain which limits their utility as targets for therapeutic intervention. Here, we
show that the Vesicle transport through interaction with -SNAREs homolog 1B (Vti1b) protein
promotes TRPV1 sensitization upon inflammation in cell culture, but leaves normal functioning
of TRPV1 intact. Importantly, the effect of Vti1b can be recapitulated in vivo: Virus-mediated
knockdown of Vtilb in sensory neurons attenuated thermal hypersensitivity during
inflammatory pain without affecting mechanical hypersensitivity or capsaicin-induced
nociceptive pain. Interestingly, TRPV1 and Vti1b are localized in close vicinity as indicated by
proximity ligation assays and are likely to bind to each other, either directly or indirectly, as
suggested by co-immunoprecipitations. Moreover, using a mass spectrometry-based
quantitative interactomics approach, we show that Vti1b is less abundant in TRPV1 protein
complexes during inflammatory conditions compared to controls. Alongside, we identify
numerous novel and pain state-dependent binding partners of native TRPV1 in dorsal root
ganglia. These data represent a unique resource on the dynamics of the TRPV1 interactome
and facilitate mechanistic insights into TRPV1 regulation. We propose that inflammation-
related differences in the TRPV1 interactome identified here could be exploited to specifically

target inflammatory pain in the future.

1. Introduction

TRPV1 is highly enriched in dorsal root ganglia (DRG) and its involvement in diverse pain
states has been well documented (for review see [48]). The physiological function of TRPV1
encompasses the detection of noxious thermal (~43°C) and irritant chemical stimuli to elicit
nociceptive pain [15,48,108]. The latter crucially prevents bodily harm and injury. In addition,
TRPV1 represents a major player in pathological pain arising from inflamed and injured
tissues, i.e. inflammatory pain [14,20]. During inflammation, manifold signaling pathways and
inflammatory mediators (the so-called “inflammatory soup”) can cause aberrant activity of
peripheral neurons, and ultimately hypersensitivity to innocuous stimuli (for review see [114]).
Examples include diverse amines, growth factors, prostaglandins, chemokines, as well as ATP
and protons [114]. Importantly, many of these have been shown to converge onto and sensitize
TRPV1 (for review see [82]), rendering it a promising target for novel analgesics (for reviews
see [80,103]). Hence, considerable effort has been invested into blocking TRPV1 function by
antagonists. First generation TRPV1 antagonists, however, interfere with its physiological

function and thus, are limited in their therapeutic use [31,80,103]. Recent developments are



therefore concentrated on modality-specific antagonists aimed at targeting selective TRPV1
activation modes [11,30,63,87].

Pathological sensitization of TRPV1 is characterized by reduced activation thresholds and
heightened responsiveness [82]. Mechanistically, diverse processes may be at play, such as
alterations of (i) channel kinetics, (ii) TRPV1 levels at the neuronal plasma membrane, and (iii)
proteins which bind and regulate TRPV1 [9,10,12,47,58,70,73,77,112,117]. An interesting
alternative to TRPV1 blockage may therefore be to target TRPV1 interaction partners,
particularly those that specifically modulate pathological states such as inflammatory pain
[26,28]. Such a strategy would provide a means to suppress pathological pain whilst leaving
nociceptive pain intact. A recent seminal study showed proof of concept that this kind of
approach can be successful: Hanack and colleagues demonstrated that the GABAg, receptor
restricts TRPV1 sensitization without affecting nociceptive pain [35].

Here, we identify the Vesicle transport through interaction with t-SNAREs homolog 1B (Vti1b)
protein as a modulator of TRPV1 sensitization during inflammatory pain. In heterologous cells
and in cultured DRG neurons Vti1b promotes TRPV1 sensitization upon inflammation without
affecting normal TRPV1 function. In line with our in vitro data we demonstrate that, in vivo,
virus-mediated knockdown of Vti1b in sensory neurons attenuates thermal hypersensitivity
during inflammatory pain, while neither mechanical hypersensitivity nor capsaicin (Caps)-
induced nociceptive pain are altered. Using a mass spectrometry-based quantitative
interactomics approach, we show that (i) Vti1b is less abundant in TRPV1 protein complexes
during inflammatory conditions, and (ii) identify numerous novel and pain state-dependent
binding partners of TRPV1. Taken together, our work demonstrates the functional significance
of targeting protein-protein interactions specific to inflammatory pain, and provides a unique

framework for studying the modulation of TRPV1 in physiological and pathological states.

2. Materials and methods
2.1. Reagents and chemicals
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) or Roth

(Karlsruhe, Germany) unless otherwise noted.

2.2. Human Embryonic Kidney (HEK) 293 cell culture and transient transfection with
plasmid DNA

HEK293 cells were maintained in growth medium (DMEM + GlutaMAX supplemented with

10% fetal bovine serum and 1% penicillin/streptomycin (ThermoFisher Scientific, Waltham,

MA) in flasks at 37°C with 5% CO, and split once a confluency of +t80% was reached. Transient

transfection was done using FUGENE HD transfection reagent (Promega Corp., Fitchburg, WI)

according to manufacturer’s instructions.



Plasmids used in this study: rat pcDNA5-TRPV1-YFP (kind gift from Ardem Patapoutian, La
Jolla, CA), mouse pCMV6-Vti1b-myc-DDK (OriGene Technologies, Inc., Rockville, MD) and
pCMV-Sport6 empty vector (kind gift from Ardem Patapoutian) as a Mock control. The amount
of plasmid DNA used for the different downstream applications (see below) was for PLA &
ICC: TRPV1-YFP & Vti1b-myc-DDK 300 ng each, and for live labeling, electrophysiology &
calcium imaging: TRPV1-YFP & Vti1b-myc-DDK 200 ng each. The pCMV-Sport6 plasmid was
added to standardize DNA amounts across conditions.

Coating of coverslips for different downstream experiments: For ICC, HEK293 cells were
plated on Poly-D-Lysine (PDL, 1 mg/mL, Merck Millipore, Darmstadt, Germany) + Laminin
(20 pg/mL, ThermoFisher Scientific)-coated coverslips; in case of calcium imaging and
electrophysiology on fibronectin (50 pg/mL)-coated coverslips; or fibronectin-coated MatTek
dishes (MatTek Corporation, Ashland, MA) for live labeling and PLA.

2.3. Molecular cloning of TRPV1 N-terminal and C-terminal deletion constructs

To obtain TRPV1 constructs that either lacked a part of the C- or of the N-terminus, regions of
interest were amplified from the rat pcDNA5-TRPV1-YFP vector with the following primers
containing restriction sites (i) TRPV1 “N-term”, amino acids 1-744, missing the C-terminus:
fwd, GGGGTACCGATGGAGAAATGGGCTAGC, and

rev, GGGGTACCATGGGCAAGGATGACTTCCGG, (ii) TRPV1 “C-term”, amino acids 184-838,

missing the N-terminus: fwd, GGGGTACCATGGCCCGGAAGACAGATAGC, and rev,
GCTCTAGATCATTTCTCCCCTGGGGCC. The PCR products were digested and inserted into
the pCMV-Sport6 empty vector. The TRPV1 truncation constructs largely retained functionality

and membrane expression as reported previously [39].

2.4. Dissociated cultures of lumbar DRG (IDRG) neurons and nucleofection

Primary cultures of mouse IDRG neurons were done as described before for DRG cultures
[76] with the following modifications: For each IDRG culture, 4 Complete Freund’s Adjuvant
(CFA)- or vehicle-injected wild type mice were sacrificed by COz-inhalation and only ipsilateral
lumbar DRG 1-5 were dissected. The growth medium Hams’ F12/DMEM (ThermoFisher
Scientific) was supplemented with 10% horse serum (ThermoFisher Scientific) and 100 ng/mL
NGF (R&D Systems, Minneapolis, MN). Neurons were plated on PDL (1 mg/mL) and Laminin
(20 pg/mL)-coated coverslips.

Transient transfection of IDRG neurons with 500 nM AllStar Negative Control siRNA
(#S103650318, Qiagen, Hilden, Germany) or Vtilb siRNA (FlexiTube GeneSolution
#GS53612, Qiagen) was done via electroporation using the 4D-Nucleofector™ System (X unit,
Lonza AG, Basel, Switzerland) with P3 Primary neuron nucleofector solution with supplement
(Lonza AG), program DC104. Afterwards RPMI medium (ThermoFisher Scientific) with low



calcium was added for recovery and cells were plated on PDL/Laminin-coated coverslips. After
a 15 min recovery period at 37°C, 1 mL of DMEM/Hams’ F12 + growth factors was added per
well. To reduce toxicity, half of the media was refreshed after 2 h at 37°C, 5% CO.. Cells were

used 72 h after siRNA transfection in various in vitro assays (see below).

2.5. Real-time quantitative PCR (qPCR)

Total RNA was extracted from cell lysates of Vtilb siRNA and negative control siRNA
transfected neurons (72 h after transfection) using the NucleoSpin RNA XS kit (MACHEREY-
NAGEL, Diren, Germany) according to the manufacturer's instructions. cDNA was reverse
transcribed from total RNA using the QuantiTect Reverse Transcription Kit (Qiagen), following
recommendations of the manufacturer. The real time gPCR for comparative gene expression
analysis was done on a Lightcycler 480 platform (Roche, Rotkreuz, Switzerland) with SYBR™
Green fluorescence detection using Power SYBR Green PCR Master Mix (ThermoFisher
Scientific). A final melting curve analysis confirmed the specificity of amplified product. The
threshold cycle (Ct) values — the cycle number, in which SYBR green fluorescence exceeds
the background — were taken were as a measure of initial transcript amount and normalized to
the two reference genes, B-actin (data not shown) and GAPDH.

Primer sequences B-actin: rev, CAGCTCAGTAACAGTCCGCC;

fwd, GATCAAGATCATTGCTCCTCCTG.

Primer sequences GAPDH: rev, TTACTCCTTGGAGGCCATGT;

fwd, CAATGAATACGGCTACAGCAAC.

Primer sequences Vti1b: rev, TACACCAGACCGACCAGGAT;

fwd, TCTTCGCTCAATGTCCAGAA.

2.6. Antibodies used in this study

Primary antibodies (Ab): rabbit Vti1b, Synaptic Systems, Goettingen, Germany (ICC 1:500,
PLA and WB 1:750, IHC 1:200); rat Lamp-1, BD Biosciences, San Jose, CA (ICC 1:500); goat
TRPV1, Santa Cruz Biotechnology, Dallas, TX (ICC: 1:100, PLA (DRG) 1:250, (HEK) 1:400,
WB 1:200, IHC 1:200); chicken GFP, ThermoFisher Scientific (IHC: 1:500); rabbit TRPV1,
alomone labs, Jerusalem, Israel (PLA: 1:400, WB 1:100, ColP 12 ug), rabbit rat-TRPV1-
extracellular, alomone (live 1:50); mouse monoclonal c-myc, Santa Cruz (PLA 1:750).
Secondary antibodies were all purchased from ThermoFisher Scientific and dilution used
1:250, except otherwise mentioned. Donkey anti-rabbit AlexaFluor (AF)488; donkey anti-rabbit
AF647; donkey anti-goat AF546; donkey anti-goat AF633; donkey anti-chicken AF488,
Biotium, Fremont, CA (1:500); goat anti-chicken AF555; donkey anti-rat DyLight 550; donkey
anti-goat AF680 (1:8000); donkey anti-rabbit AF680 (1:8000).



2.7. Immunocytochemistry (ICC)

ICC was essentially performed as described previously [76]:

After rinsing of cells, fixation was done for 10 min at room temperature (RT) with 4%
paraformaldehyde (PFA) in PBS (ThermoFisher Scientific). Subsequently, cells were washed
with PBS and incubated with PBS containing 0.4% TritonX-100 and 5% donkey serum (DS,
dianova, Hamburg, Germany) for 30 min at RT to permeabilize cells and block unspecific
binding of antibodies. Primary Ab were diluted in Ab solution (1% DS and 0.1% TritonX-100 in
PBS) and incubated overnight at 4°C. After extensive washing, secondary antibodies coupled
to fluorophores were applied for 2 h at RT. After rinsing thrice with PBS, coverslips were
mounted in SlowFade Gold Antifade Medium with 4',6-Diamidino-2-Phenylindole (DAPI,

ThermoFisher Scientific).

2.8. Proximity Ligation Assay (PLA)

For the detection of close proximity (= 40 nm) of TRPV1 and Vti1b in situ PLA [100] was
performed as described in [64] and [76] with modifications. Reagents available in the
Duolink® In Situ Detection Reagents Orange set were used.

Twenty-four hours after plating and/or transfection of cells on MatTek dishes, cells washed
twice with pre-warmed PBS. Cells were fixed with 4% PFA/PBS for 10 min and washed
extensively with PBS afterwards. Blocking of unspecific Ab-binding was done with PBS
containing 0.4% TritonX-100 and 5% DS for 2 h at RT. Primary Ab were diluted in Ab solution
and incubated overnight at 4°C. Cells were washed extensively in Duolink Wash Buffer A
(0.01 M Tris, 0.15 M NaCl, 0.05% Tween20; pH 7.4). Respective PLA PLUS and MINUS
probes were diluted 1:10 in Ab solution and incubated 20 min at RT prior to addition to cells.
Cells were then incubated with PLA probes for 1 h at 37°C. Following several washes with
Wash Buffer A, PLA probes were ligated (1:5 dilution of Ligation Stock buffer and 1:40 Ligase
in ddH.0) for half an hour at 37°C. Washing was done thrice with 1x Wash Buffer A for 10 min
each. The rolling circle amplification reaction was carried out for 100 min at 37°C. The reaction
was stopped by washing twice for 10 min with Wash Buffer B (0.2 M Tris, 0.1 M NaCl, pH 7.5)
and twice for 1 min with 0.01x Wash Buffer B, which was subsequently exchanged to PBS for

imaging.

2.9. Live labeling of HEK293 cells

Live labeling was essentially performed as described [94]. Twenty-four hours after TRPV1-YFP
and Vti1b-myc-DDK transfection, live HEK293 cells were labeled with antibodies targeting an
extracellular domain of rat TRPV1. The Ab were applied 1:50 in standard growth medium, for
20 min at 37°C. Cells were rinsed with pre-warmed medium and then incubated with the
Donkey anti-rabbit AF546 secondary Ab (1:200 in medium) for 10 min at RT. Afterwards, the



cells were washed twice with fresh medium and once with PBS, prior to fixation with 2%
PFA/PBS. Cells were immediately imaged. In some cases, live labeling was combined with
intracellular staining of Vti1b to verify successful transfection (data not shown): cells were
washed 1x with PBS and permeabilized for 30 min with 0.1% Triton/PBS + 5% DS. Primary
Ab were incubated overnight at 4°C in 5% DS/PBS. After 5x washes with PBS, secondary Ab
were applied 1:250 for 2 h at RT in 1% DS/PBS. Cells were washes 5x with PBS and imaged.

2.10. Calcium imaging

Ratiometric calcium imaging was performed as described before (e.g. [58]) with modifications
using an inverted microscope (Zeiss Axio Observer Z1). Transfected IDRG neurons or HEK293
cells were washed 4x with pre-warmed Assay Buffer (1x Hanks’ Balanced Salt Solution
(1.3 mM Ca®") with 10 mM HEPES, ThermoFisher Scientific) prior to a 60 min incubation at
37°C with 2.5 yM Fura-2/AM + 0.04% Pluronic F-127 Acid (ThermoFisher Scientific) in Assay
Buffer. After incubation, cells were washed and transferred to a recording chamber constantly
superfused by a gravity-driven system (circa 5 mL/min), and image at RT.

The stimulation protocol comprised 6 pulses of low capsaicin (Caps; 100 nM; P1-P6) each 1
min long and interspersed with 3 min wash outs of Assay Buffer. This was followed by a high
Caps pulse (1 uM), and an additional ATP pulse (20 uM) in case of HEK293 cells. ATP was
applied to confirm similar cell viability at the end of the stimulation protocol (data not shown).
Stock solutions of agonists (in absolute ethanol) were diluted in Assay Buffer. For experimental
series involving the endocytosis inhibitor Dynasore monohydrate (stock solution in DMSO):
5 uM Dynasore was added to the Assay Buffer for the 2" min of the wash out after Caps
pulses P5 and during P6.

The fluorophore Fura-2/AM was alternately excited at 340 nm and 380 nm with emission
acquired at 510 nm, using MetaFluor software (Molecular Devices, San José, CA). Intracellular
calcium concentration is expressed as the 340/380 ratio representing the bound/unbound
calcium, and was sampled at 0.333 Hz.

Data analysis: A baseline was calculated for each pulse as the mean ratio for 15 s prior to
pulse application. Responders were defined as cells with amplitude values reaching 120% of
the baseline within the time span from stimulus onset until 15 s before the next stimulation.
Within this range, amplitudes were calculated as the maximum 340/380 ratio per responder
subtracted by the respective baseline. This allowed for comparison across cells and cultures.
Coverslips where more than 20% of cells appeared unhealthy — determined by a high initial
340/380 baseline and unstable trace recordings — were omitted from analysis. At least two

coverslips per condition from three to four independent culture preparations were analyzed.



2.11. Electrophysiology

Whole-cell patch clamp experiments were performed using an EPC10 USB amplifier (HEKA
Elektronik, Lambrecht/Pfalz, Germany) and the PatchMaster software (HEKA). Micropipettes
were generated from borosilicate glass capillaries (PG10165-4, World Precision Instruments)
using a PIP 6 (HEKA) vertical puller. The patch pipette resistance varied between 1.5-3 MQ.
The bath solution contained 160 mM NaCl, 2.5 mM KCI, 1 mM MgCl,, 2 mM CacCl,, 10 mM
HEPES and 8 mM glucose (adjusted to pH 7.4 with NaOH); pipette solution contained 100 mM
KCI, 45 mM NMDG, 10 mM BAPTAxK,, 10 mM HEPES and 5 mM EGTA (adjusted to pH 7.2
with NaOH). YFP-positive HEK293 cells were clamped at their assumed resting potential of
- 60 mV, capacitance and liquid junction potentials were adjusted and 80% of the series
resistance was compensated. Only cells with low or medium fluorescence levels yielding an
initial GQ-seal and less than 100 pA leak current were included for further analysis. 500 ms
long linear voltage ramps from -100 to + 100 mV were applied continuously every 5 seconds,
held at +100 mV for 50 ms and preceded by a voltage step to -100 mV for 50 ms, in order to
record out- and inwardly directed currents, respectively. Whole-cell data was low pass-filtered
at 7.9 kHz and collected with a sampling rate of 20 kHz. 100 nM Caps was applied through a
gravity-driven application system, with a capillary placed in close proximity to the cell of
interest. All experiments were performed at RT. Data were analysed with the FitMaster
software (HEKA).

2.12. Cloning of the AAV6-Vtilb miRNA-EGFP construct and virus production

The oligonucleotide targeting mouse Viilb was designed using the BLOCK-T™ RNAI
Designer from ThermoFisher Scientific (https://rnaidesigner.thermofisher.com/rnaiexpress/)
and checked for correct folding using the RNAfold WebServer offered by ViennaRNA Web
Services (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).

The sequence of the Vti1b micro RNA (miRNA), flanked by a BamHI and a Hindlll restriction
site is (5'-3"):
ggatcctggaggcttgctgaaggetgtatgctgTAGTTTCTCAGCTTAGACATCGTTTTGGCCACTGACT
GACGATGTCTACTGAGAAACTAcaggacacaaggcctgttactagcactcacatggaacaaatggcccagatct
ggccgcactcgagatatctagacccagctttctigtacaaagtggttgatatccagcacagtggaagctt.

The oligonucleotide was synthesized and inserted into a pUC57-Kan plasmid via the BamHI
and Hindlll sites by GenScript Inc. USA (Piscataway, NJ). The AAV6-hSyn-scramble miRNA-
EGFP construct has been described before [101]. Human Synapsin (hSyn) promotor was used
as it allows neuron-specific expression [54]. The scramble miRNA sequence was replaced with
the Vtitb miRNA using standard molecular techniques. The production of viral particles was
performed as described before [98]. In brief, recombinant AAV6-viruses were propagated in

transiently transfected HEK293 cells with pDP6 as the helper plasmid. Viral particles were



purified by iodixanol step gradient ultracentrifugation followed by affinity chromatography over
a heparin column on an Akta FPLC. Eluted particles were dialyzed extensively against PBS;

purity was determined by SDS-PAGE and genome titers by gPCR.

2.13. Immunohistochemistry (IHC)

Mice were euthanized by COj-inhalation, decapitated and IDRG 1-5 dissected — if unilateral
treatment of hind paw, ipsilateral (ipsi) and contralateral (con) IDRG were collected separately.
After fixation for 3-4 h in 4% PFA in PBS at 4°C, tissue was cryo-protected overnight in
30 (w/v)% sucrose/PBS at 4°C. Subsequently, tissue was frozen in Tissue-Tek O.C.T. (Sakura
Finetek, Torrance, CA) and tissue blocks stored at -80°C until cutting. Step-serial sections of
10 ym thickness were cut with a cryostat (Leica, Wetzlar, Germany), mounted on SuperFrost
Plus slides (ThermoFisher Scientific) and stored at -80°C.

For the IHC of tissues from AAV6-injected mice: Transcardial perfusions were performed prior
to tissue dissection with ice-cold PBS followed by 4% PFA/PBS. Mice were deeply
anesthetized by intraperitoneal application of a Ketamine/Xylazine mixture (100 mg Ketamin +
10 mg Xylazine (medistar, Ascheburg, Germany) per kg bodyweight diluted in sterile PBS).
Dissected tissue was post-fixated in 4% PFA/PBS for 30 min at 4°C and processed as
described above.

Frozen sections were thawed at RT for 30 min, and incubated for 30-60 min with 0.4% Triton
X-100/PBS containing 5% DS. Next, sections were incubated overnight at 4°C with primary
antibodies in Ab solution. After extensive washing in PBS, sections were incubated for 2 h at
RT, with the respective secondary antibodies conjugated to Alexa Fluor dyes in Ab solution.

Sections were mounted in SlowFade Gold Antifade Medium containing DAPI.

2.14. Image acquisition and analysis

For all immunostainings, digital images were acquired on a Zeiss Axio Observer Z1 inverted
epifluorescence microscope with Axiovision software (Zeiss, Oberkochen, Germany). The
acquisition parameters were kept constant for all experimental groups. Also, secondary Ab
controls (no primary Ab) were imaged using identical conditions (data not shown). All
conditions to be compared were processed concurrently using the same culture or tissue
preparation. Raw images were analyzed by using NIH ImageJ [92]. For IHC/ICC: Cells were
counted as immuno-label positive if their mean intensity (in arbitrary units) exceeded the mean
background intensity + 3x standard deviation from at least 10 random unstained cells. For IHC
(Fig. 1): For the Vti1b stainings the background was determined on sections from Vtitb KO

mice that were stained in parallel with the wild type sections, and the calculated background



from the Vti1b KO also used for the images of the wild type tissue. To avoid double-counting
of neurons on cryosections, only sections that were at least 50 pm apart were considered.
For ICC (Fig. 3): in addition to the number of positive cells, the integrated intensity was also
determined with the “Analyze particle” tool of ImageJ.

For PLA: background intensity was calculated using the signal of three negative cells
measured per image to calculate a primary threshold per image. The average of these primary
thresholds was taken and used across all images (within each experiment). Cells were traced,
and their areas measured (in case of HEK293 cells only YFP-positive cells were considered
for analysis). The ratio of PLA signal above threshold/ cell area (per cell) was compared
between conditions.

For live labeling experiments: the threshold was calculated per cell, using the unstained area
between punctate. YFP-positive cells were traced, and their areas measured. The ratio of
TRPV1-extracellular signal above threshold/ cell area (per cell) was compared between
conditions.

Only for presentation purposes were brightness & contrast of matched images adjusted
(always in parallel) with ImageJ or Adobe Photoshop CC2017 (Adobe Systems, San José,
CA).

2.15. Animals

Adult C57BI/6J mice, Trpv1-knockout (TRPV1 KO) B6.129X1-TRPV1"™"J (Stock# 003770,
The Jackson Laboratory), and Vti1b-knockout (Vti1b KO, kind gift from G. Fischer von Mollard,
Bielefeld, Germany; [4]), 8-10 weeks old at the time of treatment, were used. Only male mice
were used for behavioral experiments. All mouse strains were in-house bred and kept in a
temperature- and humidity-controlled environment under a 12 h light/dark cycle with food and
water provided ad libitum. All animal experiments were approved by and carried out in
compliance  with guidelines of the Landesamt fiir Verbraucherschutz und
Lebensmittelsicherheit of Lower Saxony (Germany; registration number: Az 16/2079) as well
as institutional guidelines. All animal experiments were performed by the same tester, who

was blinded to treatment groups.

2.16. Pain paradigms and behavioral tests

Intra-sciatic nerve injection of AAV6. For virus-mediated knockdown of Vti1b expression in
IDRG neurons, AAV6-Vti1b miRNA-EGFP (as control AAV6-scramble miRNA-EGFP) virus
particles were injected into the sciatic nerve. The intranerval injection was performed as
described previously [33] with modifications. Mice were randomly assigned to either control or
experimental group. The mice received buprenorphine (0.07 mg/kg, subcutaneous (s.c.),

Buprenovet®, Bayer, Leverkusen, Germany) 15 min prior to surgery. The surgery was

10



performed under isoflurane anesthesia (4% induction, 1.8% maintenance). The incision area
at the left hind leg of the mouse was shaved and disinfected, the sciatic nerve was exposed
and 0.9x10%-1.3x10° virus particles (in a final volume of 10 uL (2:1, PBS: 20 (w/v)% mannitol)
were injected with a 32G needle attached to a Hamilton syringe over a period of 10 min. Nerve
and muscle tissue were repositioned, lidocaine lotion (Xylocain® Gel 2%, AstraZeneca, Wedel,
Germany) applied onto muscle layer and the skin closed with one surgical clip. Mice received
carprofen (5 mg/kg, s.c., Rimadyl®, zoetis, Parsippany-Troy Hills, NJ) 6 h post-surgery.

Mice undergoing virus injections were assessed for their thermal and mechanical sensitivity
prior to surgery, 14/15 and 22/23 days after surgery. At day 24, CFA (or vehicle as control)
was injected to induce inflammatory pain as described above. Twenty-four hours after CFA
injection, mice were tested for thermal hypersensitivity or mechanical hypersensitivity (different
cohort) and after 48 h, for mechanical hypersensitivity as described below. At day 28 mice
were sacrificed and ipsilateral IDRG 3-5 were isolated and processed for
immunohistochemistry (as described above). The cohorts destined for Caps-induced pain
behavioral testing were injected with Caps at day 24 after virus-injection and sacrificed the
same day for tissue isolation. Only mice that had been successfully transduced, i.e. their IDRG

showed GFP expression, were included in the final behavioral data analysis.

Assessment of mechanical sensitivity. Mechanical (hyper-)sensitivity was measured with a
Dynamic Plantar Aesthesiometer (#37450, Ugo Basile, Gemonio, Italy) according to the
manufacturer’s manual and standard procedures described in [72]. Each mouse was placed
in a clear plexiglass compartment with a mesh floor and was allowed to habituate for 2 h.
Withdrawal latencies of the hind paws were determined upon application of a graded force (0-
10 g in 40 s) to the plantar surface of each hind paw. The time between each stimulus on the
same mouse was 2 min, and the average withdrawal latency per paw was calculated. Values
that deviated more than 5 s from the median value per paw of one mouse were excluded. The
average paw withdrawal latency per mouse was calculated from at least 3 readings per paw

(mice with less than 3 values were excluded from the analysis).

Assessment of thermal sensitivity. To assess heat (hyper-)sensitivity of the hind paw, the
Hargreaves’ test [36] was conducted using a Plantar Test device (#37370, Ugo Basile)
according to the manufacturer’s manual and standard procedures described in [72]. Mice were
acclimatized for 2 h in clear plexiglass compartments on a glass floor. A mobile radiant heat
source was then focused onto the plantar surface of each hind paw. The infrared intensity was
adjusted so the average withdrawal values of naive wild type mice were around 10 s. Paw

withdrawal latencies were measured with a cut-off time of 30 s, with 2 min between each

11



stimulus for a given mouse. The average withdrawal latency per paw was calculated (as

described for mechanical sensitivity).

Acute pain — Capsaicin (Caps) injection. To assess acute, TRPV1-mediated pain sensitivity,
nocifensive behavior was observed after intraplantar injection (28G Hamilton needle) of Caps
(0.5 pg/paw in 5% Ethanol/PBS, total volume 10 pL) into the left hind paw. The duration of
nocifensive behaviors — including shaking, lifting, licking or flinching of the paw — over a 6 min

period were measured.

Inflammatory pain — Complete Freund’s Adjuvant (CFA) injection. Persistent inflammatory pain
in the hind paw was induced by intraplantar injection of CFA according to standard procedures
[72]. Ten microliters of CFA suspension (1 mg/mL cell suspension of heat-killed and dried
Mycobacterium tuberculosis) or vehicle (Veh, sterile PBS) were injected intradermally into the
hind paw with a 28G Hamilton needle. All CFA-treated animals in this study exhibited

pronounced paw edema [72], which was absent in Veh-injected mice.

2.17. Co-immunoprecipitation (ColP) of TRPV1

Freshly dissected ipsilateral IDRG of CFA- and Veh-injected wild type mice (10 mice per
biological replicate) and bilateral IDRG from TRPV1 KO mice (5 mice per biological replicate)
were used. Three biological replicates per condition were examined, yielding 9 samples to be
submitted to mass spectrometric protein identification. All steps were performed on ice or at
4°C and all incubation steps under constant agitation. Tissue was homogenized with a glass
teflon dounce homogenizer in 500 yL/sample solubilization buffer (SB; 0.1 M NaCl, 0.05 M
Tris-HCI, 0.32 M sucrose, 1 mM dithiothreitol (DTT), 1% n-dodecyl f-D-maltoside, 1% complete
protease inhibitor cocktail (Roche). Homogenization was supplemented by shearing through a
25G needle. After solubilisation for 1 h, cell debris was removed by centrifugation at 2,500 x g
for 10 min. To reduce the unspecific affinity matrix binding, tissue lysates were “precleared” by
incubating with 50 puL prewashed magnetic Dynabeads Protein G (Thermo Fisher Scientific)
for 1 h. After removal of beads, 12 ug of rabbit anti-TRPV1 Ab was added and incubated for 4
h. Subsequently, 50 uL prewashed Dynabeads Protein G were added and incubated overnight.
Samples were washed once with SB and eluted in 40 L of 1x Tris-Glycine/SDS Sample Buffer
+1 mM DTT by heating samples to 70°C for 10 min.

ColPs from ftransfected HEK293 cells (not submitted to mass spectrometric protein
identification): 24 h after plating HEK293 cells were transfected with TRPV1-YFP (4 pg/dish)
and Vti1b-myc-DDK (4-6 pg/dish) or pCMV-Sport6 (4-6 ug/dish) plasmids using Fugene HD
(Promega). The amount of Vti1b-myc-DDK or pCMV-Sport6 was varied from 4-6 ug across

replications with no noticeable difference, but remained consistent between conditions for a
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given experiment. pCMV-Sport6 was added to standardise DNA amounts between conditions.
Forty-eight hours after transfection, cells were harvested and re-suspended in 500 uL SB, for
processing as described above. The elution buffer consisted of 1x LDS Sample Buffer + 1x
Reducing Agent (both ThermoFisher Scientific) in SB.

2.18. Gel-electrophoresis and Western blot

All protein samples to be separated by 1D NuPAGE® (Thermo Fisher Scientific) were
dissolved in 1x LDS Sample Buffer + 1x Reducing Agent and had been heated to 70°C for 10
min. Proteins loaded into pre-casted NUPAGE® Bis-Tris 4-12% gradient gels (Thermo Fisher
Scientific) were separated by electrophoresis with 1x NUPAGE® MOPS SDS running buffer
(ThermoFisher Scientific; 200 V, 40-50 min). Proteins were transferred to PVDF membranes
with the iBlot® Gel Transfer Device (ThermoFisher Scientific) using program #3 and a transfer
time of 7 min. Western blots were incubated with primary antibodies (diluted in 1% milk/PBS)
for 2 h at RT and in addition to an overnight incubation at 4°C, 3-5x diluted. After incubation of
respective secondary antibodies for 1 h at RT, immunolabeled proteins were detected by near-

infrared fluorescence (Odyssey, LI-COR Biosciences, Lincoln, NE).

2.19. Mass spectrometry (MS) and data analysis

Sample preparation, data acquisition and data processing

Eluted proteins were separated on pre-casted TG PRIME Tris/glycine 8-16 % gradient gels
(SERVA, Heidelberg, Germany) and visualized by colloidal Coomassie staining. Entire gel
lanes were cut into 24 equally-sized gel pieces by a self-made punching tool and subjected to
automated in-gel digestion with trypsin as described previously [93]. Tryptic peptides were
dried down in a vacuum centrifuge, re-dissolved 0.1% trifluoro acetic acid and spiked with
2.5 fmol/uL of yeast enolase-1 tryptic digest standard (Waters Corporation, Milford, MA) for
quantification purposes [99].

Nanoscale reversed-phase UPLC separation of tryptic peptides was performed with a
nanoAcquity UPLC system equipped with a Symmetry C18 5 um, 180 pm x 20 mm trap column
and a BEH C18 1.7 ym, 75 ym x 100 mm analytical column (Waters Corporation). Peptides
were separated over 60 min at a flow rate of 300 nL/min with a linear gradient of 1-45% mobile
phase B (acetonitrile containing 0.1% formic acid) while mobile phase A was water containing
0.1% formic acid.

Mass spectrometric analysis of tryptic peptides was performed using a Synapt G2-S
quadrupole time-of-fight mass spectrometer equipped with ion mobility option (Waters
Corporation). Positive ions in the mass range m/z 50 to 2000 were acquired with a typical
resolution of at least 20,000 FWHM (full width at half maximum) in the ion mobility-enhanced

data-independent acquisition (DIA) mode with drift time-specific collision energies [23,24]. For
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protein identification, continuum LC-MS data were processed (including lock mass correction)
and searched using Waters ProteinLynx Global Server version 3.0.2 [65]. A custom database
was compiled by adding the sequence information for yeast enolase 1 and porcine trypsin to
the UniProtKB/Swiss-Prot mouse proteome (release 2016_11, 16839 entries) and by
appending the reversed sequence of each entry to enable the determination of false discovery
rate (FDR). Precursor and fragment ion mass tolerances were automatically determined by
PLGS 3.0.2 and were typically below 5 ppm for precursor ions and below 10 ppm (root mean
square) for fragment ions. Carbamidomethylation of cysteine was specified as fixed and
oxidation of methionine as variable modification. One missed trypsin cleavage was allowed.
Minimal ion matching requirements were two fragments per peptide, five fragments per protein,
and one peptide per protein. The FDR for protein identification was set to 1% threshold.

For  post-identification  analysis, the freely available software ISOQuant
(http://www.isoquant.net) was used to merge the 24 LC-MS datasets per gel lane and to
calculate the absolute in-sample amounts for each detected protein according to the TOP3
quantification approach [24,55]. The LC-MS datasets from the three biological replicates per
condition were included into the same ISOQuant analysis to facilitate cross-annotation of
feature clusters, while each of the three conditions was analyzed separately and the data were
merged afterwards to prevent inappropriate feature matching between the individual, highly
diverse interactomes. The criteria for reporting a protein were as follows: only peptides with a
minimum length of six amino acids, an identification score above or equal to 5.5, and a peptide
FDR < 1% were considered, and only proteins with a minimum of two peptides identified (at
least one unique) and a protein FDR < 1% were quantified. Please see Supplemental Digital

Content 1 for a table with details on all quantified proteins.

Data analysis for defining specific TRPV1 interactors. Further data analysis was done with
Microsoft Excel and the freely available Perseus software (v1.5.6.0.; [110]): The output lists
generated by ISOQuant were merged (1413 proteins) and were filtered for proteins exhibiting
a PLGS score of at least 800 (overall score range observed: 171-73431; average score
observed: 5722) in one of the groups, yielding 1089 proteins. Protein abundances in each CFA
sample were normalized using the ratio of TRPV1¢ea to TRPV 1y, amounts for each sample
pair. The data were uploaded to Perseus and the abundance values (in amol) were log,-
transformed. They were plotted against each other for calculation of the Pearson correlation
coefficient (Supplemental Digital Content 2). To enable statistical analysis, missing values
were imputed with random values taken from a normal distribution simulating low abundance
values around the limit of detection of the mass spectrometer (width = 0.3, shift = 1.8 [35,44]).
For identification of significantly enriched proteins in Veh vs. KO control and CFA vs. KO

control, group-wide comparison was done using a modified version of the Student’s t-test [109]
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with Perseus software. The s0O parameter was set to 1.58 (i.e. proteins need to exhibit a
minimal fold change of 3 at the linear scale) and the g-value (permutation-based multiple
testing-corrected p-value) cut-off to 0.01. The outcome was plotted in a volcano plot with a cut-
off curve representing sO and an FDR of 0.01. Next, the significantly regulated proteins in CFA
and Veh, respectively, were compared and a fold change (log,(CFA/Veh)) was calculated. To
define pain-regulated interactions a threshold of a minimum of + 20% change (sO = 0.263 =
log2(1.2)) in protein abundance between the groups was set.

The STRING (Search Tool for the Retrieval of Interacting Genes/Proteins [104], https://string-
db.org/) database was searched and used to retrieve Gene Ontology (GO) terms enriched

(FDR < 0.05) among regulated proteins between CFA and Veh (settings: confidence level 0.7).

2.20. Statistical data analysis (except MS data analysis)

The statistical analyses were carried out using GraphPad Prism 5.01 and 6.01 (San Diego,
CA). For the comparison of two groups either the Mann Whitney test (if data were non-
Gaussian) or unpaired two-sided Student's t-test was used. For comparison of multiple groups
either one-way or two-way ANOVA (dependent on number of analyzed variables, followed by
either Bonferroni or Holm-Sidak’s multiple tests) were performed, or for non-Gaussian data the
Kruskal-Wallis test (followed by Dunn’s multiple comparison tests) was used. For analysis of
population proportions (Responders vs. Non-responders) in calcium imaging, a Fisher’s exact
test was performed. P-values smaller than 0.05 were considered significant and marked with
* p<0.05 ** p<0.01; and ***, p < 0.001.

3. Results

3.1. Vti1b is widely expressed in mouse IDRG

Alterations of TRPV1 ftrafficking prominently contribute to pathological pain
[12,27,42,58,70,73,117]. To gain a better molecular understanding of TRPV1 trafficking, we
searched the published resource of genes expressed in DRG neurons [106] for potential
candidates modulating intracellular traffic. In particular, we looked for proteins involved in exo-
and endocytotic pathways, which have not yet been functionally investigated in DRG. Among
them Vesicle transport through interaction with --SNAREs homolog 1B, Vti1b, drew specific
attention because (i) it is a prominent mediator of endosomal vesicle transport and fusion of
lipid bilayers [3,74,85,86], and (ii) we recently reported its mild downregulation (log, fold
change = -0.158; multiple-testing corrected g-value = 0.005) in the membrane proteome of
IDRG during inflammatory pain [6]. We confirmed the results of Thakur and colleagues [106]
and found that Vti1b is expressed in approximately 80% of all IDRG neurons. There, Vti1b was

co-expressed with TRPV1 in 70% of all TRPV1-positive neurons (Fig. 1A, B). Furthermore,
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Vti1b was partially co-localized with Lamp1, a marker for LE and lysosome compartments (Fig.
1C). These results confirmed the previously reported localization of Vti1b to LE and lysosomes
[78] also in IDRG neurons. This expression pattern was independent of the presence of
TRPV1, as both TRPV1-positive and -negative neurons presented with comparable tubular
Lamp1-overlapping staining. We note that TRPV1 immuno-labeling showed an even
distribution throughout the cytoplasm which made it impossible to conclude any subcellular co-
localization of TRPV1 and Vti1b (Fig. 1C).

3.2. Vti1b prevents tachyphylaxis of heterologously expressed TRPV1

We then assessed whether Vti1b functionally modulates TRPV1. To this end, we transiently
overexpressed TRPV1 with Vti1b, or with mock (empty vector) as control, in the heterologous
expression system of HEK293 cells. First, we performed electrophysiological recordings. As
expected, we found TRPV1-mediated whole-cell currents to be outwardly rectifying and
sensitive to Caps stimulation [13,15,62]. However, upon Vti1b co-expression TRPV1 outward
current amplitudes were significantly attenuated (Fig. 2A). This was likely due to reduced
expression of TRPV1 at the plasma membrane of HEK cells co-expressing Vti1b, as visualized
by live labeling using a TRPV1 antibody against an external epitope (Fig. 2B).

Such a finding could theoretically stem from the limited capacity of co-transfected cells to
adequately express and localize proteins upon overexpression [32]. Therefore, we next
assessed another, more pathologically relevant parameter of TRPV1 activity: tachyphylaxis,
defined as desensitization and reduced activity upon repetitive agonist stimulation. To do so
we applied a well-established experimental paradigm consisting of calcium imaging and
repetitive stimulation with Caps [10,35,88]. We followed a protocol consisting of 6 Caps pulses
(P1-P6): As expected, repetitive Caps application induced tachyphylaxis of TRPV1, which we
quantified by comparing cellular calcium responses between the first (P1) and sixth pulse (P6).
Remarkably, despite smaller responses to P1 (Fig. 2C, D), cells co-expressing Vti1b hardly
exhibited tachyphylaxis to repetitive stimulation, i.e. cellular calcium responses to P6 were
largely similar to P1 (Fig. 2C, D). This result suggested that Vtilb may counteract TRPV1

tachyphylaxis potentially by promoting processes leading to its sensitization.

3.3. CFA-induced sensitization of TRPV1 can be attenuated by knockdown of Vti1b

To examine this possibility in a setting highly relevant for pathological pain, we turned to the
Complete Freund’s Adjuvant (CFA) model of inflammatory pain [59]. Under inflammatory
conditions, multiple signaling pathways converge on TRPV1 and sensitize/modulate its
activity, resulting in hypersensitivity of sensory neurons (for reviews see [43,82]). TRPV1
sensitization has been successfully monitored in cultured neurons of DRG by calcium imaging

upon repetitive Caps application [10,35]. We prepared lumbar DRG (IDRG) cultures from mice,
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in which inflammatory pain (CFA) had been induced compared to vehicle-injection controls. In
each of these conditions we then examined the role of Vti1b by reducing its expression using
nucleofection of siRNA, or AllStar Negative Control siRNA as control. Successful knockdown
could be confirmed by quantitative PCR (relative Vtitb mRNA level normalized to GAPDH:
17.0 £ 3.1%; n = 5 independent cultures) and immunocytochemistry (Fig. 3A and Supplemental
Digital Content 3 A).

Using calcium imaging (Fig. 3B) we observed that the downregulation of Vti1b did not cause a
statistically significant difference in the percentage of neurons responding to the initial Caps
stimulation (P1) when compared to control nucleofection of either the vehicle or the CFA group,
(Fig. 3C and 3D). Interestingly, upon control nucleofection the number of responding neurons
to P6 in cultures from CFA-treated mice (CFA c) was significantly increased compared to
vehicle-treated controls exhibiting tachyphylaxis (Veh c, Fig. 3E). This finding suggests that
CFA-mediated sensitization of TRPV1 channels can overcome tachyphylaxis seen in vehicle-
treated mice after repetitive stimulation. In contrast, cultures from CFA-treated mice
transfected with siRNA against Vti1b (CFA si) showed pronounced tachyphylaxis similar to
vehicle-treated cultures (Veh si). This is manifested by a significant reduction of the number of
responding neurons to P6 (Fig. 3E) upon Viti1b knockdown (CFA si). In addition, response
amplitudes to P6 were slightly decreased in these cultures (Fig. 3F).

We reasoned that the described role of Vti1b in endosomal membrane trafficking may be
mechanistically contributing to this effect. Thus, we hypothesized that TRPV1 endocytosis may
be increased in the absence of Vti1b thereby limiting the availability of functional TRPV1. If so,
the acute inhibition of clathrin-mediated endocytosis by Dynasore could potentially restore
CFA-mediated sensitization in neurons where Vti1b was knocked down. Dynasore inhibits
dynamins, a group of GTPases that are responsible for the fission of clathrin-coated pits from
the plasma membrane [68]. Indeed, application of Dynasore before and during the P6 restored
CFA-mediated sensitization with significant effects on both percentage of responders (Fig. 3E)

and response amplitudes in Vti1b siRNA-treated neurons (Fig. 3F).

3.4. In vivo Vti1b knockdown selectively alleviates heat hypersensitivity during
inflammatory pain

Given our in vitro findings on the modulation of TRPV1 activity we speculated that TRPV1-
dependent behavioral hypersensitivity may be affected in vivo. To test this hypothesis, we used
virus-mediated gene transfer to knockdown Vti1b in sensory neurons of adult mice. We cloned
different microRNA (miRNA) constructs targeting Vtitb mRNA and coding for GFP into Adeno-
associated virus (AAV) 6 (VtitTb miRNA). These were injected into the sciatic nerve and the
rate of knockdown was assessed by immunohistochemistry in IDRG cryosections three weeks

later (Fig. 4A). Among three tested constructs, we identified one which successfully targeted
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Vti1b: Injection of Vtitb miRNA reduced the expression of Vtilb to approximately 3% in
transduced (GFP-positive) neurons from 70% in AAV6-scramble miRNA-GFP controls
(Scramble miRNA, Fig. 4B). Of note, the rate of transduction was similar among conditions:
approximately 15-18% of all IDRG neurons were visualized by GFP expression (GFP, Fig. 4B).
Also, the number of TRPV1-expressing neurons was not changed among conditions (29% of
all IDRG neurons in both conditions, Fig. 4C). Among those, 28% were successfully
transduced, as indicated by GFP expression (GFP/TRPV1, Fig. 4C).

We then tested basic sensory behavioral responses to thermal and mechanical stimuli. We did
not observe any differences in withdrawal behaviors in mice injected with Vtiib miRNA
compared to scrambled controls (Fig. 4D; Supplemental Digital Content 4). Our in vitro data
postulate that Vtilb modulates inflammation-induced TRPV1 sensitization while leaving
normal TRPV1 function to a single stimulation to Caps intact. In vivo, we tested the latter by
evaluating acute nocifensive behaviors after a single intraplantar injection of Caps. As
predicted, Caps-induced acute nocifensive behaviors were unaffected upon Vti1b knockdown
(Fig. 4E). To assess TRPV1 sensitization in vivo, we again used the CFA-model of
inflammatory pain. As expected, 24 h after CFA injection (a time point at which pronounced
inflammatory pain measures have been reported [18]), control mice injected with scramble
miRNA displayed robust hypersensitivity to a heat stimulus (thermal hyperalgesia, Fig. 4F;
Supplemental Digital Content 4) — a process which is known to involve TRPV1 function [14].
Hypersensitivity is reflected by a reduction in the paw withdrawal latency. Remarkably, in mice
injected with Vtitb miRNA we observed a significant alleviation of heat hypersensitivity (Fig.
4F; Supplemental Digital Content 4).

These results are in line with our in vitro findings in cultured IDRG neurons and add further
evidence to the notion that Vti1b is proalgesic and promotes TRPV1 sensitization. To
determine any potential general effects on nocifensive behaviors during inflammation, we also
assessed the sensitivity to innocuous mechanical stimulation, which is largely independent of
TRPV1 [14,49]. Interestingly, mechanical hypersensitivity was unchanged by Vti1b miRNA
injection 24 h after CFA injection (Fig. 4G; Supplemental Digital Content 4). The same was
observed 48 h after CFA injection (Supplemental Digital Content 4). These findings suggest
that Vti1lb preferentially modulates TRPV1-dependent inflammatory pain behaviors. While
TRPV1 is a prominent mediator for CFA-induced heat hypersensitivity, many pathways
converge onto TRPV1 and other molecules to promote hyperalgesia after inflammation.
Therefore, we cannot exclude the possibility that other channels and signaling cascades might
also be affected by the knockdown of Vti1b in sensory neurons in vivo.

Nevertheless, our in vivo findings are in line with our cellular assays. Together they support

the conclusion that Vti1b prevents hypersensitivity of TRPV1 during inflammation (Fig. 4F) but
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leaves TRPV1 responsiveness to Caps injection and also basic sensory responses unaffected
(Fig. 4D, E).

3.5. Vti1b is a member of the TRPV1 interactome

Our data suggest that TRPV1 is a target for the proalgesic function of Vti1b. Consequently,
Vti1b would be expected to localize in close vicinity of TRPV1. To investigate this in more
detail, we employed the proximity ligation assay (PLA). Indeed, PLA indicated the close vicinity
of TRPV1 and Vti1b in cultured IDRG neurons, and upon co-transfection in HEK293 cells (Fig.
5A, B). We also attempted to determine which cytoplasmic region of TRPV1 may be essential
for its close vicinity to Vti1b. To this end we performed PLA with TRPV1 truncation constructs
(N-terminus and C-terminus truncation, respectively), which largely retain functionality and
membrane trafficking of full length TRPV1 constructs as reported previously [39]. However,
when co-transfected with Vti1b both truncation constructs yielded PLA signals similar to the
respective full-length TRPV1 control PLA experiment preventing us to draw any conclusion
about the requirement of cytosolic TRPV1 regions (Supplemental Digital Content 5).

To support our PLA data on full-length TRPV1, we additionally performed co-
immunoprecipitations with lysates of HEK293 cells co-transfected with TRPV1 and Vti1b. In
these experiments Vti1b co-immunoprecipitated with TRPV1, indicating physical binding of
both proteins (Fig. 5C). Whether or not Vti1b directly binds TRPV1 or via an intermediate
protein cannot be determined by this assay.

We then turned to murine IDRG to (i) perform co-immunoprecipitations on native TRPV1 and
Vti1b, and (ii) to test whether the interaction of TRPV1 and Vti1lb might be differentially
regulated during inflammatory pain, as was recently shown for KchIP3 [107]. We affinity-
purified protein complexes containing native TRPV1 from ipsilateral IDRG of wild type mice
injected with CFA or vehicle (Veh) 24 h after the injection. Furthermore, TRPV1 knockout (KO)
mice served as controls for unspecific binding. To account for biological variability as well as
differences in sample preparation, 3 biological replicates of each condition (CFA, Veh, and KO;
CFA and Veh: 30 mice each; KO: 15 mice) were prepared and subjected to gel electrophoretic
separation, followed by label-free protein quantification with mass spectrometry (MS) [35,102].
TRPV1 was robustly detected (approx. 54% sequence coverage) in each of the 3 replicates
for Veh and CFA (for the full dataset and correlation across replicates please see
Supplemental Digital Content 1 and 2). As expected, samples from TRPV1 KO mice, serving
as negative controls, did not contain detectable amounts of TRPV1. To identify high-
confidence candidates — that is, proteins present in TRPV1-associated protein complexes
(henceforth referred to as the TRPV1 interactome) — identified proteins were scrutinized
according to stringent criteria: (i) significant enrichment compared to TRPV1 KO by at least

three fold, and (ii) a g-value < 0.01 (please see methods for details). Since the detected

19



absolute amount of co-purified proteins depends on the abundance of affinity-purified TRPV1
in each sample, we normalized data to TRPV1 amounts within biological replicates (see
methods for details). In total, 93 proteins were significantly identified in the TRPV1 interactome
of Veh samples and 71 in CFA samples compared to KO (Supplemental Digital Content 7).
Importantly, some of the identified proteins have already been reported to be associated with
TRPVA1, validating our results, e.g. TRPV2 [34], dynactin subunit 1 [87] (Dctn1) and extended
synaptotagmin-1 [30] (Esyt1, Fig. 6A, gene names in blue). Within the TRPV1 interactome 43
proteins were found in both CFA and Veh, including Vti1b (log, fold change Veh/KO of 4.1;
log, CFA/KO = 4.43; q < 0.001; Fig. 6A, B; Supplemental Digital Content 7). Remarkably, the
abundance of Vtilb was reduced by approx. 20% in samples from CFA-injected mice
compared to Veh-injected mice (log, CFA/Veh = -0.32). This finding is consistent with our
recently published dataset on CFA-induced proteome changes in the membrane of IDRG
where we observed mild downregulation of Vti1b during inflammatory pain [6]. Thus, our data
postulate a downregulation and/or dissociation of Vtilb from TRPV1-associated protein
complexes under inflammatory conditions. This may represent an endogenous mechanism to
counteract enhanced TRPV1 function in CFA-treated mice as our in vitro results implicate Vti1b

in inflammation-induced TRPV1 sensitization (Fig. 3).

3.6. Novel insights into the inflammation-related TRPV1 interactome

In addition to Vti1b, several other members of the TRPV1 interactome were differentially
enriched in CFA compared to Veh controls, i.e. in CFA samples 69 were downregulated (log,
CFA/Veh < -0.263) and 34 upregulated (log, CFA/Veh > 0.263) by at least 20% (for complete
list please see Supplemental Digital Content 8).

Enrichment analysis of Gene Ontology (GO) terms with the web-based Interface STRING [104]
showed that up to 23% (16/69 CFA downregulated ones) and 64% (22/34 CFA upregulated
ones) are associated with diverse GO terms for cellular component (GO-CC) related to
membrane, and also membrane protein complex and plasma membrane region (Fig. 6C; for
complete list see Supplemental Digital Content 8). Other prominent associations include the
GO-CC term actin cytoskeleton and the GO term for biological process (GO-BP) (actin)
cytoskeleton organization. Of note, re-modeling of the actin cytoskeleton has previously been
linked to different chronic pain types including CFA-induced inflammatory pain [56,67].
Interestingly, we observed an enrichment of GO-CC terms late endosome (6/69) and coated
vesicle membrane (3/69) specifically among CFA downregulated TRPV1-associated proteins.
Both categories include Vti1b. Moreover, GO-BP terms of establishment of protein localization
(including Vti1b) and protein localization to membrane were particularly represented among
CFA downregulated TRPV1-interactome members. Hence, our enrichment analysis is in line
with the crucial role of TRPV1 trafficking for controlling its activity [12,27,42,58,70,73,117].
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Furthermore, the maijority of differentially regulated TRPV1-associated proteins identified here
are novel candidates, which have not previously been investigated in the peripheral nervous
system. For example, the charged multivesicular body protein 4b (Chmp4b), a core subunit of
the endosomal sorting complex required for transport (ESCRT) Ill complex [41], was
downregulated in inflammatory conditions (log, CFA/Veh = -7.51). The ESCRT machinery
regulates the biogenesis of multi vesicular bodies (MVB) [41]. MVB are a special form of
endosomes governing the degradation of plasma membrane proteins. Similarly, the
unconventional myosin-Vlla (Myo7a) was also downregulated upon inflammation (log;
CFA/Neh = -4.02). Unconventional myosins have a proposed importance regarding short
distance organelle transport due to their motor domain, but more recently, evidence emerged
that they act as dynamic tethers for organelles and membrane-associated proteins [116].
Interestingly, Myo7a deficient mice display increased response latencies in the hot plate assay
(data available via the International Mouse Phenotyping Consortium [22]). This phenotype may
hint towards altered TRPV1 function. However, other thermosensitive TRP ion channels
(TRPM3 and TRPA1) also need to be considered [111]. Another example for a scarcely
characterized protein upregulated under inflammatory pain is the von Willebrand factor A
domain-containing protein 5A (VWAS5A, log, CFA/Veh = 4.46). Interestingly, high-throughput
gene expression profiling (accessed via biogps.org,
http://biogps.org/#goto=genereport&id=67776, [60]) revealed that VWAS5A exhibits
pronounced expression in murine DRG compared to other tissues such as spinal cord or brain
regions (approximately 10-fold). Mice deficient of another member of the von Willebrand factor
A domain-containing protein superfamily, the extracellular matrix protein VWA1, display
delayed responses to acute thermal pain stimuli, impaired fine motor coordination, and
compromised peripheral nerve morphology [2]. Moreover, two FK506-binding proteins (FKBP),
FKBP-2 and FKBP-1A, were strongly downregulated in samples from CFA-injected mice (log.
CFA/Neh (FKBP-2) = -4.83; log, CFA/Veh (FKBP-1A) = -3.19). FKBPs are peptidyl-proline
isomerases and catalyze the cis/trans isomerization of proline in peptides. Therefore, they can
act as regulators of protein folding and activation [50]. For instance, FKBP-1a is a subunit of
the ryanodine receptor RyR1. It regulates the gating of the channel and thereby modulates the
gain of skeletal muscle excitation-contraction coupling [1,5,8]. Another member of the FKBP
family, FKBP-51, has already been linked to chronic pain via modulating glucocorticoid
signaling in spinal cord [69].

Finally, and similarly to Vti1b, several differentially enriched members of the TRPV1
interactome identified here are part of the chronic pain-regulated IDRG membrane proteome
we described recently [6]. Remarkably, the abundance of some TRPV1 binding partners
identified here was altered during inflammatory pain (CFA-model, e.g. SAMMS50, ATP2A2),

while others were found to be changed during neuropathic pain (spared nerve injury model,
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e.g. SEPT2, DST, COL6A1; Supplemental Digital Content 8). It is tempting to speculate that
the latter group might play a role in well-documented expression changes of TRPV1 during
neuropathic pain [45,51,91]. Based on these findings, future experiments should assess
whether and how TRPV1 binding partners identified here may affect TRPV1 expression and

function across different chronic pain states.

4. Discussion

TRPV1 sensitization critically contributes to nociceptive and persistent pain. However, our
knowledge of molecular processes specific for either pain state is sparse despite its high
therapeutic importance. Here, we identify Vti1b as a modulator of TRPV1 sensitization during
inflammatory pain. In cultured mouse IDRG neurons, Vtilb promotes TRPV1 sensitization
upon inflammation without apparent change in normal TRPV1 function. In line with this we
demonstrate that virus-mediated knockdown of Vti1b in sensory neurons in vivo selectively
attenuates thermal hypersensitivity during CFA-evoked inflammatory pain. Using a mass
spectrometry-based quantitative interactomics approach, we show that (i) Vti1b is
downregulated in TRPV1 protein complexes upon inflammation, and (ii) reveal pronounced
overall changes in the TRPV1 interactome during inflammatory pain. Hence, our work provides
novel insights into the modulation of TRPV1, and a unique framework for further translational
studies aimed at specifically targeting inflammatory pain.

Among the plethora of proalgesic mediators released upon tissue damage and inflammation,
many sensitize TRPV1 activity. In part, this process underlies phenomena of enhanced
nociceptor responsiveness during persistent pain such as allodynia and hyperalgesia.
Mechanistically, several scenarios might be at play, including the modulation of channel
kinetics, and changes in TRPV1 abundance at the plasma membrane
[9,10,12,47,58,70,73,77,112,117]. The latter is governed by regulated exo- and endocytosis.
These processes are largely dependent on SNARE proteins. Indeed, interfering with the action
of the SNARE protein SNAP-25 has been reported to prevent exocytosis of TRPV1 in response
to certain proinflammatory mediators [12]. Furthermore, the vesicular proteins snapin and
synaptotagmin-9 interact with the N-terminus of TRPV1, and mediate the rapid delivery of
TRPV1 to the plasma membrane in response to protein kinase C (PKC) phosphorylation [73].
Here, we report a functional and physical interaction of TRPV1 with the SNARE protein Vti1b.
We observed that Vti1b overexpression in HEK293 cells diminished TRPV1 tachyphylaxis.
Consequently, TRPV1-dependent calcium influx was maintained even after high-impact
stimulation i.e. after repetitive pulses of Caps. Upon Vti1b knockdown sensory neurons
displayed pronounced tachyphylaxis in CFA-treated mice and failed to show CFA-mediated
sensitization. Consistent with the role of Vti1b in intracellular membrane transport, TRPV1

sensitization could be partially restored by addition of the endocytosis inhibitor Dynasore to
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cultures where Vti1b was knocked down. Dynasore is known to inhibit dynamin-dependent

membrane invaginations [53,68], such as clathrin- or caveolin-mediated endocytosis.

Despite novel insights provided here, several questions remain open, for instance, the exact
mechanism of Vti1b action on TRPV1 during inflammation. A lack of tools did not allow us to
directly measure TRPV1 membrane levels in DRG cultures of CFA-injected mice. To date,
commercial antibodies suitable for selectively labeling TRPV1 at the membrane are restricted
to detect extracellular epitopes of rat TRPV1 (https://www.alomone.com/p/anti-rat-trpv1-
extracellular/ACC-029), but do not work on murine TRPV1 studied here. Moreover, we could
not determine at which step of TRPV1 membrane trafficking Vtilb comes into play.
Endocytosed proteins can either undergo retrograde transport to the trans-Golgi network
(recycling pathway), or they are destined for degradation via MVB/LE (degradation pathway)
[34,84]. In general, SNARE proteins are implicated in membrane fusion at all these steps [17].
While Vti1b can affect both pathways, it is predominantly known to promote LE-LE fusion [3]
and heterotypic fusion of LE with lysosomes [78,85]. However, its exact functions remain to be
elucidated: studies in Vti1b KO mice are limited by compensation via its close family member
Vti1a [4,57]. We found a partial co-localization of Vti1b with LE and lysosomes in DRG neurons
(Fig. 1C) consistent with previous results in other cell types [29,78,85]. Interestingly, Sanz-
Salvador et al. reported that the prolonged exposure of Caps (for 20 min) caused an initial
rapid endocytosis of TRPV1 followed by lysosomal degradation in DRG neurons [90].
Therefore, increased lysosomal degradation may contribute to impaired CFA-mediated
sensitization after Vti1b knockdown. Unfortunately, we could not directly assess this possibility
experimentally due to technical constraints. Commonly used inhibitors of lysosomes (e.g.
leupeptin, a cysteine protease inhibitor, or bafilomycin A, an inhibitor of lysosomal v-ATPase)
require long incubation times (e.g. 2 h - 24 h [37,61]) preventing their use within the short
timeframe (3 min) between two Caps pulses, i.e. between P5 and P6. Nonetheless, from a
physiological point of view, we consider the contribution of lysosomal degradation minor given
the immediacy of the effect.

While our results provide some evidence for Vti1b to counteract TRPV1 internalization and/or
degradation we cannot exclude other modes of action. During high impact stimulation and
inflammatory conditions Vti1b may (i) facilitate a rapid replenishment of functional TRPV1 via
the aforementioned recycling pathway, as reported for stimulated exocytosis of the pro-
inflammatory cytokine TNFa in macrophages [74], (ii) alter known processes of calcium-
induced TRPV1 desensitization, or (iii) directly affect TRPV1 channel kinetics. We intended to
critically test the latter, but failed to obtain stable electrophysiological recordings using our 6-

pulse protocol of high impact stimulation in both HEK293 cells and DRG cultures.
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It is noteworthy that our in vitro data are faithfully replicated in vivo. Virus-mediated knockdown
of Vti1b significantly diminished thermal hypersensitivity in the CFA-model, which involves
TRPV1 function. Even though thermal hypersensitivity was attenuated (but not prevented)
upon Vti1b knockdown, this result is remarkable given that (i) we only target 28% of TRPV1-
positive neurons by virus-mediated gene transfer (Fig. 4), and (ii) potential compensation via
Vti1a needs to be considered [4,57]. The latter likely accounts for our results on Vti1b KO mice,
which displayed normal thermal hypersensitivity upon CFA when compared to wild type
littermates (data not shown). Importantly, neither basal sensitivity nor nociceptive pain were
affected upon virus-mediated acute knockdown of Vti1b described here. Also, we did not
observe alterations in CFA-induced mechanical hypersensitivity, a process which is largely
independent of TRPV1, but also note [14,49]. Mechanical and also thermal hypersensitivity
are clinically relevant parameters of chronic pain [40,46]. However, our results on these
reflexive measures should ideally be complemented by behavioral paradigms assessing
aspects of non-evoked ongoing pain, such as voluntary wheel running [19,81], paw guarding
behavior [25,81], and conditioned place preference [21,52,79]. This could also help to decipher
to which extent our in vivo results can be explained by targeting the Vti1b-TRPV1 interaction.
Besides TRPV1, numerous signaling pathways [89,115] and other ion channels/receptors
have been shown to contribute to inflammatory thermal hypersensitivity such as TRPM3 [113],
syntaxin-8 and TrkA receptors [16], and prostaglandin E2 receptor EP4 [66]. Any of these or
others might also be affected by Vti1b. Nevertheless, our data collectively suggest that Vti1b
may be relevant for CFA-induced TRPV1 sensitization as summarized in the working

hypothesis outlined in Figure 7.

Here, we have used a MS-based interactomics approach to demonstrate the presence of Vti1b
in protein complexes associated with native TRPV1 in sensory neurons. Notably, we also
uncovered that Vti1b is less abundant in TRPV1 protein complexes of CFA-treated mice
compared to Veh-treated ones. This in in line with our in vitro and behavioral data suggesting
that downregulation of Vti1b may exert an analgesic role. Functional interactomics has become
the method of choice to study protein complex constituents in their native cellular environment.
Several ion channel complexes in the CNS have been elucidated in this way [75,96,97].
Recently, Hanack et al. reported the interaction of the GABAg, receptor subunit and several
other proteins with TRPV1 using MS-based interactomics [35]. To this end they co-
immunopurified TRPV1 from DRG of knock-in mice overexpressing a tagged version of TRPV1
[35]. Another study identified the potassium channel subunit K,8, as a binding partner of
TRPV1 [7]. While these and also our study provide valuable insights into the modulation of
TRPV1 by protein-protein interactions (PPI), one cannot deny the obvious: their results differ

substantially, showing hardly any overlap in members of the TRPV1 interactome. Several
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differences in experimental design could account for the missing overlap: (i) starting tissue
(wild type BI6/J mice in our study vs. tagged TRPV1 knock-in), (ii) sample preparation (diverse
protocols for protein solubilization, [38,95]) and (iii) MS platform used (with known differences
in reproducibility [71,105]). Therefore, each of these reports — including ours — likely only
detects a subset of the TRPV1 interactome. Nonetheless, our study significantly extends our
current knowledge of TRPV1-interaction partners: on one hand, we discovered many novel
ones. On the other hand, we determine for the first time changes in the TRPV1 interactome
during inflammatory pain — examples of which are introduced in the results part (Fig. 6C and
Supplemental Digital Content 8).

Collectively, our data on Vtilb demonstrate the utility of identifying differentially regulated
TRPV1 interaction partners for targeting TRPV1 function in a pain state-dependent manner.
This becomes particularly important given that first generation TRPV1-antagonists and several
commonly-used analgesics elicit severe side effects [80,83,103]. Thus, pharmacological
interference with TRPV1 protein-protein interactions [26,35,47] might complement recent
developments on modality-specific TRPV1 antagonists [11,63,87] to probe novel therapeutic
strategies. Finally, our work lends confidence that the differential TRPV1 interactome identified
here provides a stepping stone to advance our knowledge on the molecular underpinnings of

diverse pain states.
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Figure Legends

Figure 1: Co-expression of Vtilb and TRPV1 in IDRG neurons.

(A) Representative immunohistochemistry for TRPV1 and Vti1b on IDRG cryosections from
wild type mice. Co-labeled neurons are marked with white asterisks in the inset of the merged
image (right lower panel), with TRPV1-expressing neurons in magenta and Vti1b in cyan.
Scale bar, 50 pym.

(B) Quantification of Vti1b and TRPV1 expression in IDRG neurons from wild type and Vti1b
KO (KO) mice. For Vti1b, wild type vs. KO, *** p < 0.0001. TRPV1 expression is unchanged
(non-significant, ns). Vti1b in TRPV1-positive neurons (Vti1b/TRPV1), wild type vs. KO, *** p
< 0.0001. Neuron counts are indicated in each column; n = 2-3 mice; Kruskal-Wallis test
followed by Dunn’s multiple comparison test. Data are represented as mean + SEM.

(C) Immunocytochemistry on dissociated mouse IDRG neurons for TRPV1, Vti1b and Lamp1.
The white asterisk indicates a TRPV1-positive neuron. Nuclei are visualized by DAPI staining
(blue in lower left panel). Both the TRPV1-positive and TRPV1-negative neuron express Vti1b
(cyan in overlay) and Lamp1, a marker for late endosomes (magenta in overlay). N = several
coverslips from 2 independent DRG cultures. Scale bar, 15 ym.

Figure 2: Overexpression of Vtilb in HEK293 cells alters function, surface levels and
tachyphylaxis of TRPV1 channels.

(A, left) Peak current density evoked by 100 nM Caps at +100 mV and -100 mV in HEK293
cells transfected with TRPV1-YFP + Mock (TRPV1 + Mock, control) and TRPV1-YFP + Vti1b-
myc-DDK (TRPV1 + Vti1b), respectively. Cells were held at -60 mV, and currents were
measured during 500 ms-long voltage ramps from -100 to +100 mV during application of 100
nM Caps. For +100 mV, *** p = 0.0003, and for -100 mV, ns, p = 0.2755; two-way ANOVA
followed by Holm-Sidak’s multiple comparisons test. (A, right) Average |-V relationship before
(w/o Caps) and after the application of 100 nM Caps. The reversal potential did not differ
between conditions. TRPV1 + Mock: -8.5 £+ 9.7 mV vs. TRPV1 + Vti1b: -8.2+£ 5.9 mV, ns, p =
0.8961; cell count above column; n = 11-13 independent cultures; unpaired two-sided
Student’s t-test.

(B) Live labeling of TRPV1 at the plasma membrane. HEK293 cells transiently transfected with
either TRPV1 + Mock (control) or TRPV1 + Vti1b were live-labeled with an antibody directed
against an extracellular epitope of TRPV1. (B, left) Representative images of TRPV1-YFP-
positive cells of either condition. The TRPV1 antibody labeled only the surface population of
TRPV1 (TRPV1-extr). Scale bar, 15 ym. (B, right) Quantification of the fraction of TRPV1-
positive membrane area (normalized to the total cell area) in YFP-positive cells. *** p < 0.0001;
cell count above scatter; n = 3 independent cultures; Mann-Whitney test.

(C) Averaged representative traces (mean + SEM) of ratiometric calcium imaging. Depicted
are intracellular calcium rises (indicated as a fluorescence ratio 340/380) to 6 consecutive
100 nM Caps pulses (P1-P6) in HEK293 cells transiently transfected with either TRPV1 + Mock
(light blue, n = 91 cells), or TRPV1 + Vti1b (dark blue, n = 27 cells). Tachyphylaxis, or the
missing thereof, becomes apparent when comparing amplitudes of P6 to P1 within one
condition as indicated by black vertical bars (TRPV1 + Mock: continuous line; TRPV1 + Vti1b:
dashed line).

(D, left) Stacked bar graphs display the fraction of responders (colored) and non-responders
(white) of TRPV1-expressing cells to P1 and P6 in each condition. P1: TRPV1 + Mock vs.
TRPV1 + Vti1b, *** p < 0.0001. P1 vs. P6: TRPV1 + Mock, *** p < 0.0001; TRPV1 + Vti1b, ns,
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p = 0.5411; count of responders in column; n = 3 independent cultures; Fisher’s exact test. (D,
right) Averaged response amplitudes to P1 and P6 (measured as peak of fluorescence ratio
340/380 above baseline). P1: TRPV1 + Mock vs. TRPV1 + Vti1b, *** p < 0.001. P1 vs. P6:
TRPV1 + Mock, *** p < 0.0001; TRPV1 + Vti1b, ns, p = 0.2209; cell count in column; n = 3
independent cultures; one-way ANOVA followed by Holm-Sidak's multiple comparisons test.
Data are represented as mean £ SEM. All comparisons are ns if not indicated otherwise.

Figure 3: CFA-induced sensitization of TRPV1 can be attenuated by knockdown of Vti1b.
(A) Validation of siRNA-mediated knockdown of Vti1b in IDRG cultures. (A, left) Representative
images of dissociated IDRG cultures 72 h after transfection with control or Vtilb siRNA.
Neurons were labelled with antibodies against Vtilb and TRPV1. Scale bar, 25 uym. (A, right)
Quantification of effective siRNA-mediated knockdown of Vti1b. ** p = 0.0047; cell count in
columns; n = 3 independent culture preparations; unpaired Student’s t-test.

(B) Representative traces of ratiometric calcium imaging of dissociated IDRG cultures from
Veh-/CFA-injected mice, treated with Vti1b siRNA (si) and control siRNA (c), respectively. Six
pulses (P1-P6) of 100 nM Caps were applied.

(C) Stacked bar graphs display the fraction of responders (colored) and non-responders
(white) to P1. Count of responders in columns; n = 3 independent cultures; Fisher’s exact test.
(D) Response amplitudes (measured as peak of fluorescence ratio 340/380 above baseline)
to P1. Cell countin columns; n = 3 cultures; one-way ANOVA followed by Holm-Sidak's multiple
comparisons test.

(E) Stacked bar graphs display the fraction of responders (colored) and non-responders (white)
to P6. Veh cvs. CFA ¢, ** p <0.0001. Veh si vs. CFA si, ns. CFA c vs. CFA si, *** p = 0.0002.
Addition of Dynasore between P5 and P6: CFA si vs. Dynasore CFA si, * p = 0.0146; count
of responders in columns, n = 3-4 independent cultures, Fisher’s exact test.

(F) Response amplitudes (measured as peak of fluorescence ratio 340/380 above baseline)
to P6. CFA c vs. CFA si, * p = 0.0349. CFA si vs. Dynasore CFA si, ** p = 0.001; cell count in
columns; n = 3-4 cultures; one-way ANOVA followed by Holm-Sidak's multiple comparisons
test.

Data in A, D and F are represented as mean + SEM. All comparisons are ns if not indicated
otherwise.

Figure 4: AAV6-mediated knockdown of Vtilb attenuates thermal hypersensitivity
during inflammatory pain.

(A) Immunohistochemistry on IDRG cryosections of mice injected with AAV6-Vtitb miRNA-
GFP (Vtitb miR, upper panels) and AAV6-scramble miRNA-GFP (Scramble miR, lower
panels) reveals successful knockdown of Vti1b (red) in GFP-positive cells (green) of the Vti1b
miR group three weeks post virus injection. White asterisks mark exemplary GFP-positive
neurons. Scale bar, 50 pm.

(B) Quantification of (A) to determine the extent of Vti1b knockdown. Scramble miR vs. Vti1b
miR: GFP, ns; Vti1b, ** p < 0.01; Vti1b/GFP, *** p < 0.001; cell count in columns; in total N >
2445 neurons from 4 mice (3 IDRG/mouse) per condition; one-way ANOVA followed by
Bonferroni's multiple comparison tests.

(C) Quantification of immunohistochemistry on IDRG cryosections from Vtilb miR and
scramble miR-injected mice labeled for TRPV1 and GFP. All comparisons ns; cell count per
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label in columns; in total N > 2000 neurons from 4 mice (3 IDRG/mouse) per condition; one-
way ANOVA.

(D) Quantification of the basal sensitivity (measured as paw withdrawal latency) to a radiant
heat stimulus (left) or punctuate mechanical pressure (right). Mice were tested prior to virus
injection (pre AAV) and three weeks after virus injection (pre CFA). All comparisons ns; N >
10 mice for each group; n = 2 independent cohorts; Kruskal-Wallis test.

(E) Mice were injected with Vtilb miR or scramble miR followed by assessment of Caps-
induced nociceptive pain three weeks later. Naive wild type mice served as additional controls.
Quantification of nocifensive behavior upon intradermal capsaicin injection (0.5 ug). The time
spent licking, shaking, flinching or lifting the injected hind paw was measured over a period of
six minutes. All comparisons ns; N > 6 mice per condition; n = 2 independent cohorts; Kruskal-
Wallis test.

(F) Mice were injected with Vti1b miR or scramble miR followed by assessment of CFA-induced
inflammatory pain three weeks later. Quantification of hypersensitivity (measured as
withdrawal latency) to a radiant heat stimulus 24 h after CFA injection. Mice injected with Vti1b
miR exhibited significantly less hyperalgesia, * p = 0.0128; N = 11 mice per group; n = 2
independent cohorts; Mann Whitney test.

(G) Mice were injected with Vtilb miR or scramble miR followed by assessment of CFA-
induced inflammatory pain three weeks later. Quantification of hypersensitivity (measured as
withdrawal latency) to punctuate mechanical pressure 24 h after CFA injection. All
comparisons ns, p = 0.6501; N = 8-10 mice per group; n = 2 independent cohorts; Mann
Whitney test. For data 48 h after CFA injection please see Supplemental Digital Content 4.
For (D, F, G): Values obtained by stimulating non-injected contralateral (con) paws, and
normalization of withdrawal latencies of injected (ipsi) to con paws (ipsi/con in %) for each
individual mouse can be found in Supplemental Digital Content 4.

For all: Data are represented as mean + SEM.

Figure 5: TRPV1 and Vtilb are in close proximity in sensory neurons and upon
heterologous expression.

(A, left) Proximity Ligation Assay (PLA) with antibodies against TRPV1 and Vti1b reveals their
close proximity in cultured IDRG neurons of wild type mice as compared to similarly treated
neurons of TRPV1 KO mice. Arrows mark exemplary neurons that show PLA signal in > 20%
of their cell area. Scale bar, 25 ym. (A, right) Quantification of PLA signal in IDRG neurons
derived from wild type and TRPV1 KO mice. Results are represented as % of cell area with
PLA signal above threshold per individual cell. Wild type vs. TRPV1 KO, *** p < 0.0001; cell
count above scatter; n = 2-3 independent cultures; Mann Whitney test.

(B, left) PLA with antibodies against myc (Vti1b) and TRPV1 on HEK293 cells transiently
transfected with TRPV1-YFP + Vti1b-myc-DDK or TRPV1-YFP + Mock (controls). Scale bar,
15 um. (B, right) Quantification of PLA signal. Results are represented as % of cell area with
PLA signal above threshold per individual cell. Only YFP-positive cells were analyzed. *** p <
0.0001; cell count above scatters; n = 3 independent cultures; Mann Whitney test. Data
represented as mean £ SEM.

(C) Representative immunoblot of co-immunoprecipitation of TRPV1 with Vti1b. HEK293 cells
were transiently transfected with TRPV1-YFP + Vti1b-myc-DDK or TRPV1-YFP + Mock and
only Mock as controls (n = 5). Membranes were probed against TRPV1 (upper panel) and
Vti1b (lower panel). TRPV1 was detected in the elute of TRPV1 + Mock and TRPV1 + Vti1b-
transfected cells. Vtilb was detected only in the input and elute of the TRPV1 + Vti1b co-
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transfected cells. Note, the lower, less intense band in the input of the TRPV1-YFP & Vti1b-
myc-DDK condition (Vti1b probing) is an unspecific band. An image of the whole blot can be
found in Supplemental Digital Content 6.

Figure 6: Determination of high confidence members of the TRPV1 interactome.

(A) Volcano plots show the enrichment of proteins for vehicle (Veh) vs. TRPV1 KO (KO, left)
and CFA vs. KO (right). The log, fold change (log, Veh/KO or log, CFA/KO) is plotted against
the negative logarithm of the p-values (-logo p-value) of the t-tests. The cut-off line is based
on an estimation of the FDR by permutation. Proteins to the right of the cut-off line (on the right
side of the graph) are considered high confidence interacting proteins (FDR < 0.01). TRPV1 is
labeled in green, Vti1b is labeled in red, previously detected interactors of TRPV1 are labeled
in blue, and novel high confidence interactors that are discussed in the main text are labeled
in grey.

(B) Venn diagram summarizes the numbers of identified high confidence interacting proteins
in CFA and Veh samples.

(C) Selected gene ontology cellular component (GO-CC) categories and biological process
(GO-BP) categories enriched among differentially regulated members of the TRPV1
interactome (FDR < 0.05; assessed via the web-based interface STRING). The complete GO
analysis can be found in Supplemental Digital Content 8.

Figure 7: Working hypothesis on the regulation of TRPV1 via Vti1b during CFA-induced
inflammatory pain.

Upon repetitive or prolonged stimulation TRPV1 is known to be internalized, contributing to
tachyphylaxis. We show that under inflammatory conditions this tachyphylaxis is largely
overridden and instead, TRPV1 sensitization occurs. This likely contributes to heat
hypersensitivity in the CFA-model. Upon downregulation of Vti1b TRPV1 endo/exocytosis may
be perturbed (as indicated by the partial rescue via Dynasore) potentially leading to a reduction
of functional TRPV1 levels at the plasma membrane. Hence, heat hypersensitivity is
attenuated. Interestingly, TRPV1 interactomics experiments revealed a reduction of Vti1b in
TRPV1-associated protein complexes. This might represent an endogenous mechanism of
keeping inflammation-induced TRPV1 sensitization in check. Of note, under low-impact
stimulation (i.e. a single pulse of Caps, P1) TRPV1 function appears to be independent of
Vti1b.
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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Supplemental Digital Content 9:
Figure legends for all Supplemental Digital Content Figures

Supplemental Digital Content 2: Correlation of all replicates within and between groups.
Multi-scatter plot of log,-transformed abundance values of all 3 replicates of each group (KO,
Veh and nCFA). The Pearson correlation coefficient was calculated for each comparison with
Perseus (upper left corner of each scatter plot) to access the similarity of the replicates within
and between the groups. On average, the samples showed high correlation (0.681-0.968). As
expected, the correlation within one group was higher than between the groups of one replicate
round.

Supplemental Digital Content 3: Additional information about calcium imaging in IDRG
neuronal cultures.

(A) Quantification of effective siRNA-mediated knockdown of Vti1b in DRG neuronal cultures
72 h after transfection with control (Ctlr) or Vti1b siRNA. The integrated intensity of Vti1b-
staining is significantly reduced upon siRNA-mediated knockdown in 2 out of 3 independent
cultures (replicate (rep) 1-3, in arbitrary units (AU)). Ctir siRNA vs. Vti1b siRNA: rep 1, ns; rep
2, *** p <0.001; rep 3, *** p < 0.001; N > 80 neurons; n = 3 independent cultures; two-way
ANOVA followed by Bonferroni posttests.

(B) Stacked bar graphs display the fraction of responders (colored) and non-responders (white)
to 1 yM Caps given after 6 Caps pulses to estimate the extent of the TRPV1-positive
population. CFA c vs. CFA si, *** p < 0.0001. Veh c vs. CFA c, Veh ¢, * p < 0.0128. Dynasore
CFA cvs. CFAc, *** p <0.0001; count of responders in columns; n = 3-4 independent cultures;
Fisher's exact test.

(C) Response amplitudes (measured as peak of fluorescence ratio 340/380 above baseline)
to 1 uM Caps. Veh c vs. CFA c. Veh ¢, ** p = 0.0057; cell count in columns; n = 3-4 cultures;
one-way ANOVA followed by Holm-Sidak's multiple comparisons test.

Data represented as mean £ SEM.

Supplemental Digital Content 4: In vivo Vtilb knockdown followed by assessment of
sensory behaviors.

(A, left) Quantification of the basal sensitivity (measured as withdrawal latency) in the non-
injected contralateral (con) paw to a radiant heat stimulus. (A, right) Normalization of
withdrawal latencies of injected (ipsi) to contra paws (ipsi/con in %) for each individual mouse.
Mice were tested prior to virus injection (pre AAV) and three weeks after virus injection (pre
CFA). All comparisons ns; N > 10 mice for each group, n = 2 independent cohorts; Kruskal-
Wallis test.

(B, left) Quantification of the basal sensitivity (measured as paw withdrawal latency) in the non-
injected contralateral (con) paw to punctuate mechanical pressure. (B, right) Normalization of
withdrawal latencies of injected (ipsi) to contra paws (ipsi/con in %) for each individual mouse.
Mice were tested prior to virus injection (pre AAV) and three weeks after virus injection (pre
CFA). All comparisons ns; N > 10 mice for each group, n = 2 independent cohorts; Kruskall-
Wallis test.

(C, left) Mice were injected with Vti1tb miR or scramble miR followed by assessment of CFA-
induced inflammatory pain three weeks later. Quantification of thermal hypersensitivity



(measured as paw withdrawal latency) in the non-injected con paw to a radiant heat stimulus
24 h after CFA injection. (C, right) Normalization of withdrawal latencies of injected (ipsi) to
con paws (ipsi/con in %) for each individual mouse. * p = 0.0158; N = 11 mice per group; n =
2 independent cohorts; Mann Whitney test.

(D, left) Mice were injected with Vtitb miR or scramble miR followed by assessment of CFA-
induced inflammatory pain three weeks later. Quantitation of hypersensitivity (measured as
withdrawal latency) in the non-injected con paw to punctuate mechanical pressure 24 h after
CFA injection. (D, right) Normalization of withdrawal latencies of injected (ipsi) to con paws
(ipsi/con in %) for each individual mouse. All comparisons, ns, p = 0.8371; N = 8-10 mice per
group; n = 2 independent cohorts; Mann Whitney test.

(E, left) Mice were injected with Vti1b miR or scramble miR followed by assessment of CFA-
induced inflammatory pain three weeks later. Quantitation of hypersensitivity (measured as
withdrawal latency) of the injected (ipsi) paw to punctuate mechanical pressure 48 h after CFA
injection (same cohort that had been tested for thermal hypersensitivity 24 h after CFA, Fig.
4F). (E, middle) Quantitation of hypersensitivity (measured as withdrawal latency) of the non-
injected paw to punctuate mechanical pressure 48 h after CFA injection. (E, right)
Normalization of withdrawal latencies of injected (ipsi) to con paws (ipsi/con in %) for each
individual mouse. All comparisons, ns, p = 0.7396; N = 7-10 mice per group; n = 2 independent
cohorts; Mann Whitney test.

Data represented as mean + SEM. All comparisons are ns if not indicated otherwise.

Supplemental Digital Content 5: TRPV1 N- and C-termini are both in close proximity to
Vti1b in transfected HEK293 cells.

PLA with antibodies (Ab) targeted against Vti1b-myc-DDK (either myc or Vti1b) and different
parts of TRPV1 (N-terminus, N-term; C-terminus, C-term) on HEK293 cells transiently
transfected with indicated TRPV1 deletion constructs (left, scheme of deletion constructs, AA:
amino acids, S1-S6: transmembrane domains). Co-transfection of Vti1b-myc-DDK with either
the N-term-transmembrane (TMD) or the TMD-C-term construct of TRPV1 yielded prominent
PLA signal, which was largely comparable to full-length TRPV1-YFP + Vti1b-myc-DDK. The
significant difference in PLA signal between TMD-C term and full length TRPV1 is likely due
to expression differences. PLA on cells only transfected with the full length TRPV1-YFP
construct (without Vti1b-myc-DDK) served as negative control and yielded hardly any PLA
signal, as expected. Comparison as indicated, *** p <0.001; N = 26-108 cells; n = 2-3
independent cultures; Kruskal-Wallis test followed by Dunn’s multiple comparison tests. Data
represented as mean £ SEM.

Supplemental Digital Content 6: Whole Western blot of co-immunoprecipitation of
TRPV1 and Vti1b in HEK293 cells.

Vti1lb co-immunoprecipitates with TRPV1 (V1) in HEK293 cells (compare Fig. 5C). ‘Input’
represents the protein lysate prior to the addition of an antibody. ‘N’ = a-TRPV1 co-
immunoprecipitation with an antibody targeting an N-terminal region of TRPV1; ‘C’ = a-TRPV1
co-immunoprecipitation with an antibody targeting a C-terminal region of TRPV1. Mock, cells
transfected with empty pCMV-Sport6 plasmid.
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Supplemental Digital Content 3
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Supplemental Digital Content 4
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Supplemental Digital Content 5
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Supplemental Digital Content 6
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