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Abstract

PDL1 is a protein that induces immunosuppression by binding to PD1 expressed on immune
cells. In line with historical studies, we found that membrane-bound PD1 expression was largely
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restricted to immune cells; PD1 was not detectable at either the mRNA or protein level in
peripheral neurons using single neuron gPCR, immunolabeling and flow cytometry. However, we
observed widespread expression of PDL1 in both sensory and sympathetic neurons that could have
important implications for patients receiving immunotherapies targeting this pathway that include
unexpected autonomic and sensory related effects. While signaling pathways downstream of PD1
are well established, little to no information is available regarding the intracellular signaling
downstream of membrane-bound PDL1 (also known as reverse signaling). Here, we administered
soluble PD1 to engage neuronally expressed PDL1 and found that PD1 significantly reduced
nocifensive behaviors evoked by algogenic capsaicin. We used calcium imaging to examine

the underlying neural mechanism of this reduction and found that exogenous PD1 diminished
TRPV1-dependent calcium transients in dissociated sensory neurons. Furthermore, we observed a
reduction in membrane expression of TRPV1 following administration of PD1. Exogenous PD1
had no effect on pain-related behaviors in sensory neuron specific PDL1 knockout mice. These
data indicate that neuronal PDL1 activation is sufficient to modulate sensitivity to noxious stimuli
and as such, may be an important homeostatic mechanism for regulating acute nociception.

Keywords
Analgesia; DRG; neuroimmune; nociceptor sensitization; reverse signaling; sex difference

1. Introduction

Neuro-immune signaling is critical for regulating homeostasis, host defense, normal
nociceptive processing and pathological pain states. Sensory and sympathetic postganglionic
neurons modulate the immune system via release of neurotransmitters (e.g., glutamate,
norepinephrine (Gabanyi et al., 2016; Zhang et al., 2021)) and neuropeptides (e.g. CGRP
(Cohen et al., 2019; Lai et al., 2020)) and in so doing, can potentiate the inflammatory
response (i.e. neurogenic inflammation)(Chiu et al., 2012; Sousa-Valente and Brain, 2018).
Immune cells also communicate with sensory and sympathetic neurons via secreted signals
(e.g., cytokines and chemokine) that promote or inhibit nociception and pathological

pain. For example, both cytokines (e.g. TNFa) and chemokines (e.g. CCL2) activate and
sensitize TRPV1, an ion channel expressed by sensory neurons involved in nociception
(Camprubi-Robles et al., 2009; Hensellek et al., 2007; Kao et al., 2012; Langeslag et

al., 2011; Rozas et al., 2016; Utreras et al., 2013). In addition to this bidirectional
paracrine signaling, recent data suggest membrane-bound, immunomodulatory proteins,
specifically checkpoint proteins, contribute to neuro-immune communication (Jeon et al.,
2013). Inhibitory checkpoint proteins are well known as regulators of immune homeostasis
and as enablers of tumor growth through immune suppression (Hudson et al., 2020). For
example, negative immune modulators such as the PDL1:PD1 pathway regulate T cell
activation, cell fate, and tolerance in naive conditions and cancer (Qin et al., 2019; Sharpe
and Pauken, 2018).

The reports that Pdcdl (encoding PD1/CD279) may be expressed in sensory neurons
generated interest in PD1 as a novel regulator of nociception in inflammatory and tumor-
bearing conditions (Chen et al., 2017a; Liu et al., 2020; Shi et al., 2020; Wang et al.,
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2020a; Wang et al., 2020b). Historically, PD1 had only been detected on immune and tumor
cells whereas its binding partner PDL1 (encoded by Cd274) is expressed by several cell
types, including cortical and trigeminal ganglion neurons (Jeon et al., 2013; Liu et al., 2013;
Sharpe and Pauken, 2018; Shi et al., 2020). Moreover, mRNA for Cd274, but not Pdcdl, has
been identified in multiple RNAseq studies of neurons in the central and peripheral nervous
systems (Chiu et al., 2014; Hockley et al., 2019; Kupari et al., 2019; Usoskin et al., 2015;
Wang et al., 2017; Zeisel et al., 2018). Here, we confirm the presence of PDL1 and absence
of PD1 in both sympathetic postganglionic and sensory neurons and demonstrate functional
consequences of intracellular PDL1 signaling /n vitroand in vivo.

2. Methods

2.1 Animals

Male and female 10-12 wk C57/blké mice (Jackson Laboratory Stock #000664) were
housed under AAALAC-accredited conditions at the University of Pittsburgh or New York
University in a 12 h light/dark cycle with ad /ibitum access to water and food. Animals
were cared for and studies performed in accordance with guidelines of the University of
Pittsburgh or New York University Institutional Animal Care and Use Committees and the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Where
indicated, neurons were isolated from TRPV1cre:PDL1/fl mice which were generated by
crossing TRPV1cre mice (Jackson Laboratory Stock #017769) with PDL1%/fl mice (gift
from Dr. Arlene Sharpe, Harvard University). Studies were not powered to detect sex effects,
but sex was included as an independent variable in biochemical and behavioral assays. Sex
was not considered for mRNA or calcium imaging due to limited sample sizes.

2.2 Human Samples

Lumbar 4 and 5 DRG from human donors were obtained with the consent of their next of
kin to use their family member’s tissue for research purposes. Collection and study of the
DRG was approved by the University of Pittsburgh Committee for Oversight of Research
and Clinical Training Involving Decedents. Consent was obtained by Center for Organ
Recovery and Education staff, as was the collection of tissue. The influence of gender was
not specifically considered in the analysis of study data due to limited sample size. Donor
information is provided in Supplementary Table 1.

2.3 Mouse Neuron Culture

Male and female mice were anesthetized with isoflurane and transcardially perfused with
cold Ca?*/Mg?*-free Hank’s Balanced Salt Solution (HBSS, ThermoFisher Scientific,
#14170161). Neuronal ganglia were dissected into cold HBSS and dissociated as described
previously with the exception that neurons were resuspended in Advanced DMEM F-12
media (ThermoFisher Scientific, #12634010) containing 5% fetal bovine serum and
antibiotics (penicillin/streptomycin, 50 U/ml)](Malin et al., 2007). Additionally, trigeminal
ganglia neurons were further separated using a percoll gradient prior to plating. Neurons
were plated on laminin/poly-d-lysine coated coverslips (Corning, cat# 431215). Neurons
were allowed to adhere for 2h prior to flooding with additional media. Coverslips were used
for all experiments within 8 hrs, except for transcriptional assays. For transcriptional assays,
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IFNy or vehicle was added to the neuronal media and cultures were kept overnight. IFNy
(10pug/ml stock in PBS with 0.1% bovine serum albumin (BSA)) was purchased from R & D
Systems, (cat# 485-MI1-100, lot# CFP2718051).

2.4 Human Neuron Culture

DRG dissociation, plating protocols and solutions used were as previously described (Zhang
et al., 2015). DRG were collected from all donors within 1-2 hours after cross-clamp

(time at which systemic circulation stopped). DRG were immediately placed in ice-cold
collection media (in mM: 124.5 NaCl, 5 KClI, 1.2 MgSQy, 1 CaCl,, and 30 HEPES) pH
with NaOH to 7.2 and kept on ice during travel. Upon arrival in the laboratory, DRG were
transferred into fresh collection media, cleaned of connective tissue, cut into small (~1
mm?3) pieces, and enzymatically treated with 0.25% (wt/vol) collagenase P (Sigma-Aldrich,
St Louis, MO), 0.15% trypsin (Worthington biochemical corporation, Lakewood, NJ), and
0.03% deoxyribonuclease | (DNAse, Worthington biochemical corporation, Lakewood, NJ)
for 1.5 to 2.5 hours depending on the age of the donor. Samples were placed at 37°C

with shaking at 70 RPM before mechanical dissociation using a 1ImL pipette. Following
mechanical dissociation, enzymatic activity was halted using 10% fetal bovine serum (FBS),
0.2% trypsin inhibitor (Sigma-Aldrich, St Louis, MO), 0.1% BSA, and 10mM MgSOsg.
Dissociated DRG were then centrifuged at 1.7 x g for 4 min and the supernatant was
removed. The remaining pellet was resuspended in 500uL of basal media, and carefully
layered on top of a percoll gradient (Zhang et al., 2015) and subsequently centrifuged at

3.4 x g for 10 min. The percoll solution was removed without disturbing the pellet, neurons
were resuspended in complete media and plated on poly-L-lysine coated coverslips. Neurons
were allowed to adhere for at least 4h prior to flooding with additional media.

2.5 RNA Isolation and Reverse Transcription

2.5.1 Whole Ganglia—Muice were euthanized via an overdose of inhaled isoflurane and
transcardially perfused with cold HBSS. Indicated tissues were dissected bilaterally and
snap frozen. Bilateral ganglia were analyzed from individual mice with the exception of
nodose ganglia which required pooling of two mice (total 4 ganglion) in order to isolate
sufficient RNA. RNA was isolated using the Quick RNA miniprep kit (Zymo Research,
Irvine, CA). RNA (0.5 pg) was reverse-transcribed using iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA).

2.5.2 Single Neurons—Ganglia were dissociated and plated onto coverslips as
described above for human or mouse ganglia. Neurons were picked up from coverslips
using borosilicate glass capillaries (World Precision Instruments, Sarasota, FL) held by a
3-axis micromanipulator, transferred to tubes containing 3uL of lysis buffer and stored at -
80°C. RNA collected from each cell was reverse transcribed and amplified using T7 linear
amplification (Epicentre MessageBOOSTER cDNA Synthesis kit, Lucigen) and then run
through RNA Cleaner & Concentrator-5 columns (Zymo Research).

2.6 Real-time PCR

2.6.1 Primer design and validation—Primers were designed and validated as
described previously (Adelman et al., 2019). Specifically for the single cell analysis, primers
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were designed to fall within 500 bases of the 3’ end. Primers were validated on cDNA
from whole DRG. Mouse primers were also validated on universal mouse cDNA (Zyagen,
San Diego, CA, cat # MD-UR-40-RH). Gel electrophoresis was used to confirm that PCR
products were of predicted size without dimerization or nonspecific bands. Serial dilutions
were used to calculate primer efficiencies over the range of RNA concentrations observed
in single cells. Primers were accepted if efficiency was between 95% and 110%. Primer
sequences can be found in Supplementary Table 2.

2.6.2 Amplification and Quantification—Sybr green PCR amplification
(SsoAdvanced Universal Sybr Green Supermix, Bio-rad) was performed using a Bio-Rad
CFX Connect real-time system. After amplification, a dissociation curve was plotted against
the melting temperature to ensure amplification of a single product. All samples were run
in duplicate. The negative control was amplification of control reaction product (product
of reverse transcription of master mix in the absence of template cDNA). The relative
fluorescence of SYBR green was compared with a passive reference for each cycle. Cycle
time (Ct) values were determined via regression and values were recorded as a measure of
initial template concentration. Quantification threshold for PCR was defined as the point at
which there was a 95% replication rate (35 Ct). Relative changes (ACt) in mRNA levels
were calculated using Gapdh as a reference standard and corrected for primer efficiency as
previously described (Adelman et al., 2019).

2.7 Tissue Staining

2.7.1 Immunofluorescence—Mice were euthanized and perfused transcardially with
4% PFA. Human DRG were post-fixed in paraformaldehyde. All DRG were cryoprotected
in 25% sucrose in 0.1 M phosphate buffer at 4°C, embedded in OCT compound
(ThermoFisher Scientific, Pittsburgh, PA), sectioned (14 pm), and mounted on Superfrost
Plus slides (ThermoFisher Scientific). Slides were washed, blocked in 5% normal donkey
serum, 0.25% Triton and 0.1M phosphate buffer for 1 hr and then incubated in primary
antibody overnight. Primary antibody information is provided in Supplementary Table 3.
For PDL1 staining, tissue was subjected to additional treatment to induce de-glycosylation
according to a previous publication (Lee et al., 2019). Briefly, tissue sections were exposed
to denaturing buffer at 100°C for 10 min followed by incubation with 5% PNGase F at 37°C
for 1 hr (New England Biolabs, cat# P0708). For extracellular TRPV1 staining, Triton was
excluded to avoid permeabilization of cellular membranes as an extra precaution. Antibody
binding was visualized with fluorophore-conjugated antibodies and details are provided in
Supplementary Table 4.

2.7.2 Immunohistochemistry—Slides (4 um sections) were deparaffinized and
rehydrated using standard histological protocols. Antigen retrieval was performed using

an EDTA retrieval solution and a Decloaking chamber. The secondary antibody was
SignalStain Boost (HRP, Rabbit; Cell Signaling Catalog #8114, Danvers, MA).The slides
were stained using an Autostainer Plus (Dako, Carpenteria, CA) platform with TBST rinse
buffer (Dako). The substrate used was 3,3, Diaminobenzidine (Dako). Lastly, the slides were
counterstained with Hematoxylin (Cell Signaling).
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2.8 Flow Cytometry

All DRG (~54) from each mouse were collected and dissociated as described in the Mouse
Neuron Culture section. Ganglia from each individual mouse was analyzed independently.
The cell suspension was passed through a 105um filter, washed and divided across a 96-well
plate. Two experimental wells were created so that samples from the same mouse could

be analyzed on the flow cytometer at low voltages in order to detect the large cells (ie
neurons) and at high voltages to detect the significantly smaller CD45 positive cells. Several
additional wells were used for a variety of positive and negative controls including unstained
cells, single fluorophore staining, and “fluorescence minus one’ staining. Cells were

stained with Zombie viability dye (BioLegend, San Diego, CA) for 15 min on ice. After
washing, surface staining was performed for 20 min on ice. Surface markers were stained
with antibodies against one or more of the following antigens: PDL1 (clone# 10F.G2;
BioLegend), PD1 (clone# 29F.1A12; BioLegend), CD45.2 (clone# 104; BioLegend). Cells
were then fixed in cytofix buffer (BD Biosciences) for 15 min, washed in permeabilization
buffer (BD Biosciences) and stained with the intracellular neuronal marker NeuN (clone#
A60; Millipore, Temecula, CA) for 45 min on ice. Data analysis was performed using
FlowJo Software. Healthy live singlets were identified (~50,000 per well). Of those, NeuN
(avg. ~3,000) or CD45 (avg. ~10,000) positive cells were analyzed for PDL1 or PD1
expression.

2.9 Spontaneous Nocifensive Behavior

All experiments were carried out and analyzed in a blinded manner. Intraplantar injections
were made into the right hindpaw. The first injection was 15ul of vehicle (0.1% BSA in
saline), active recombinant mouse PD1 (1pg, 5ug), or recombinant mouse PDL1 (1pg, 5ug).
Active recombinant mouse PD1 was purchased from Abcam (ab180051) and recombinant
mouse PDL1 from R&D systems (1019B7100); the stock solutions were 400ug/ml and
100pg/ml, respectively. PD1 and PDL1 were dissolved in PBS with 0.1% BSA with final
working solutions containing <0.01% BSA. Concentrations of PD1 and PDL1 were chosen
based on previous studies (Chen et al., 2017a). 10 min post injection, capsaicin (0.05%,
10ul) was injected intraplantar into the ipsilateral hindpaw. Capsaicin (Sigma-Aldrich,
M2028) stock solution was dissolved in EtOH and diluted with sterile saline to a final
concentration <0.01% EtOH. Spontaneous behavior was recorded and the 10 min period
following the capsaicin injection was analyzed (Supplementary Video 1).

2.9.1 Data Analysis—The number and duration of behaviors were calculated via post-
hoc analysis of the videos by a blinded observer. A second blinded observer verified the
scores. Nocifensive behavior was defined as lifting, licking, biting, shaking or flinching the
injected paw. Experiments were designed to be analyzed by one-way ANOVA with power of
0.80. For some experiments, secondary exploratory analyses were performed using two-way
ANOVA with drug and sex as the independent variables.

2.10 Calcium Imaging

Neurons were incubated in the Ca2* indicator Fura-2 AM (2 uM; ThermoFisher Scientific)
with 0.02% Pluronic F-127 (Anaspec, Inc., Fremont, CA) in normal bath solution

Brain Behav Immun. Author manuscript; available in PMC 2023 November 01.
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(in mM: 130 NaCl, 5 KClI, 1.4 CaCly, 0.9 MgCl,, 20 HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid], 5.5 glucose, 0.5 KHyPOy, 0.5 Na,HPO,4 (pH 7.4, 320
mOsm)) containing 5 mg/mL BSA (Sigma-Aldrich, St. Louis, MO) for 30 minutes at 37°C.
Coverslips were mounted on an inverted microscope stage and continuously perfused with
normal bath solution. For DRG imaging, solutions were maintained at 32°C using a heated
stage (Warner Instruments, Hamden, CT). For TG imaging, solutions were maintained

at room temperature. Firmly attached, refractile neurons were identified as regions of
interest. Fluorescence data were acquired on PC computers via CCD camera. The ratio of
fluorescence emission (510nm) in response to 340/380nm excitation controlled by a Lambda
filter changer (Sutter Instrument, Novato, Ca) was acquired at 1 Hz during drug application.

2.10.1 Drug Application—All drugs were applied through a computer-controlled piezo-
driven perfusion system (SF-77B; Warner Instruments, Hamden, CT). Capsaicin (Sigma-
Aldrich:300nM, 10mM stock) was dissolved in 1-methyl-2-pyrrolidone (LM2P) or DMSO
with a final concentration <0.003% 1M2P or DMSO. Active recombinant mouse PD1 and
PDL1 were prepared as described for behavior experiments. Concentrations of PD1 and
PDL1 were chosen based a previous study and are reported in the text (Chen et al., 2017a).

2.10.2 Data Analysis—Data were analyzed as AF/Fo where AF=Feqx-Fo and Fq is
the baseline fluorescence ratio. AF/Fo was compared across time and dose using repeated
measures two-way ANOVA followed by Tukey’s multiple comparisons test.

2.11 Western Blot

All DRG from two mice of the same sex were pooled and dissociated as described in section
2.3. The cell suspension plated onto two laminin coated wells of a 6-well plate. Two hours
after plating, one well from each culture preparation was treated with vehicle and the other
with PD1 (320ng/ml) for five minutes. Total protein was extracted on ice by homogenization
in lysis buffer (Cell Signaling, cat# 9803). Protein concentration was determined via
bicinchoninic acid (BCA) assay (Thermofisher Scientific). Aliquots containing 30 ug total
protein were separated on SDS/PAGE gels and transferred to 0.2um PVVDF membranes using
the Bio-Rad Transblot system. Nonspecific binding was blocked using 5% (wt/vol) BSA,
and membranes were incubated overnight at 4°C with primary antibodies directed against
p-ERK (p44/42) (1:1000; Cell Signaling, cat# 4370), total ERK (1:1000; Cell Signaling
cat#9102), p-p38 (1:1000; Cell Signaling, cat# 4511), total p38 (1:1000; Cell Signaling, cat
#9212) and B-tubulin 111 (1:5000; Sigma, cat# T2200). Protein bands were detected using
donkey anti-rabbit-HRP secondary antibody (Jackson ImmunoResearch). Protein bands
were visualized with Supersignal Chemiluminescent Detection reagents (Thermofisher
Scientific) using an LAS3000 imager (Fujifim). Densitometry readings were calculated
using the gel analyzer function in Image J software and compared via two-way ANOVA
with drug and sex as the independent variables.

2.12 Quantification and analysis of membrane TRPV1

Mouse DRG cultures were prepared as described in section 2.3. Coverslips from each
culture preparation were treated with 0 or 320ng/ml PD1 for 5 min. Coverslips were then
fixed for 10 min with 4% PFA and immunolabeled to detect membrane bound TRPV1

Brain Behav Immun. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meerschaert et al.

Page 8

(extracellular TRPV1 antibody, Alomone) without membrane permeabilization. Coverslips
were photographed using the same microscope and camera settings for all images. The
corrected total cell fluorescence intensity (CTCF) was determined for 20-30 neurons

per coverslip per condition. The average CTCF was compared via a two-way ANOVA
between groups where the independent variables were drug and genotype. For within mouse
comparisons, the percent change in intensity of PD1 treated neurons versus vehicle treated
neurons was also calculated and compared via student’s t-test.

2.13 Quantification and statistical analysis

All statistical analyses were performed using Sigmaplot 12.0 and graphs were generated in
GraphPad Prism Software. Details of specific statistical tests are found in the relevant text
and figure legends. All group data are presented as mean = SEM. A capital N is used to
indicate animal and lowercase n to indicate cell number.

3. Results

3.1 Pdcdl and Cd274 mRNA are expressed in whole murine sensory and sympathetic

ganglia

We first assessed both Pdcdl and Cd274 mRNA levels in whole neuronal ganglia using
gPCR. Lymphatic tissue (pooled cervical, axial, and brachial lymph nodes (LNs)) was used
as a positive control because expression of both Pdcdl and Cad274 has been established in
this tissue (Sharpe and Pauken, 2018). In the mouse, Cad274 mRNA was detectable in celiac
ganglia, superior cervical ganglia (SCG), nodose ganglia (NG), dorsal root ganglia (DRG,
all levels) and trigeminal ganglia (TG) (Fig 1A). Expression levels of Cd274in sympathetic
ganglia were similar to LNs, but considerably lower in sensory ganglia, as indicated by delta
Ct values (F (5 22)=8.674, p<0.001). Pdcdl mRNA was also detected in celiac, SCG, NG,
DRG, and TG (Fig 1B). With the exception of NG, Pdcdl mRNA expression in these other
ganglia was significantly lower than that in LNs (F(s 24)=76.15, p<0.001).

3.2 Cd274, but not Pdcd1, mRNA is expressed in individual murine sympathetic and
trigeminal ganglion neurons

Neural ganglia are comprised of multiple cell types, including satellite glia and leukocytes,
both of which can express immune genes such as CD45 (Chauhan and Lokensgard, 2019;
van Velzen et al., 2009). To assess neuron-specific Pdcdl and Ca274 expression, murine
ganglia were dissociated, plated and individual neurons were collected for single cell
MRNA analysis. RNA from individual neurons was collected and analyzed by two separate
laboratories that used different, independently validated primer sets (see Supplementary
Table 2). Similar to published single cell RNAseq studies (Chiu et al., 2014; Hockley et
al., 2019; Kupari et al., 2019; Usoskin et al., 2015; Wang et al., 2017; Zeisel et al., 2018),
Cd274 mRNA was detected in 18% of sympathetic neurons from SCG (8/44) and celiac
ganglia (7/38) (Supplemental Fig 1A). Pdcdl mRNA was not detected in any neurons from
either ganglion. Of the Cd274-expressing neurons, 85.7% also expressed Ajpy, a marker of
sympathetic neurons (Supplemental Fig 1B). Ca274 mRNA was detected in about half of the
trigeminal sensory neurons assessed (53.3%, 8/15), while Pdcdl was not detected in any of
these neurons (Supplemental Fig 4A).
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3.3 Cd274 is expressed in dorsal root ganglion (DRG) neurons and transcriptionally
regulated by IFNy

To characterize sensory neuron subpopulations that express Pdcdl and/or Ca274, the
retrograde tracer cholera toxin subunit B conjugated to Alexa Fluor dye was injected into the
skin, muscle, or visceral organs (Fig 2A). Cd274 mRNA was detected in the majority of all
DRG neurons that project to skin (100%, 13/13), muscle (91.7%, 11/12), bladder (87.5%,
14/16), colon (100%, 12/12), and pancreas (100%, 11/11) (Fig 2B). Pdcd?l mRNA was not
detected in any of these DRG neurons. Importantly, Ca274and TrpvI were co-expressed in
most of the neurons screened (range: 70.8-91.7%) regardless of the tissue target, suggesting
significant overlap with the nociceptive subtype of sensory neurons (Fig 2C). These data are
consistent with the pattern of Ca274 expression we reported in individual colonic afferents
arising from nodose ganglia, thoracolumbar DRG, and lumbosacral DRG (Meerschaert et
al., 2020).

IFNy stimulates Cad274 transcription in leukocytes, glia, and tumor cells (Garcia-Diaz et al.,
2017). Therefore, we tested whether Ca274in DRG neurons was regulated by IFN-y. Using
single cell MRNA analysis, we first determined that the genes encoding IFN-y receptors,
Ifngrl and Ifngr2, were expressed in 94.7% (90/95) of Cd274 positive murine DRG neurons.
In central neurons, IFN+y induces transcription of other genes over 12-24hr (Bandyopadhyay
et al., 1997). Over similar time periods, IFNy (0.5-500 ng/ml) specifically drives Cad274
transcription in nonneuronal cells (Concha-Benavente et al., 2016; Ebine et al., 2018;
Garcia-Diaz et al., 2017; Numata et al., 2022; Yee et al., 2017). Based on these reports, we
treated murine DRG cultures with IFNy (0, 25, 250, 500 ng/ml) overnight before individual
neurons were collected and processed for PCR analysis. IFN+y increased the amount of
Cd274 transcription in cultured sensory neurons as shown by the significant increase in the
relative mMRNA level compared to vehicle-treated neurons (Kruskal-Wallis: H=32.75, df=3,
p<0.001) (Fig 2D). IFN-y treatment also increased the proportion of neurons expressing
Cd274mRNA (C?3)=54.90, p<0.0001) (Fig 2E).

3.4 PDL1, but not PD1 protein, is expressed in murine DRG neurons

Qualitative immunolabeling was performed on mouse DRG sections to assess the presence
of PD1 and PDL1 protein (antibody information in Supplementary Tables 3 and 4). DRG
sections were first immunolabeled with PGP9.5 (a pan-neuronal marker) (Fig 3A) or TRPV1
(nociceptive cation channel) (Fig 3B). After imaging, the same DRG sections were subjected
to de-glycosylation treatment and immunolabeling for PDL1. PDL1 immunoreactivity was
observed in both neuronal and nonneuronal cells (Fig 3A,B). Murine DRG sections from the
same animals were also co-stained for PD1 and PGP9.5 (Fig 3C) or TRPV1 (Fig 3D); PD1
immunoreactivity was undetectable in neurons but was evident in nonneuronal cells.

To corroborate the immuno-localization data, protein expression of PDL1 and PD1 on
dissociated murine DRG cells was quantified using flow cytometry (Fig 3E-F; Gating
strategies are available in Supplementary Fig 2). The neuron-specific antibody marker,
NeuN, was used to identify neuronal populations. PDL1 was detected on 60.7 + 12.0% of
NeuN positive cells, while PD1 was detected on 0.51 + 0.2% of NeuN-positive cells (Fig
3E). In addition to immune cells, CD45 is expressed by satellite glia (van \Velzen et al.,
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2009, Donegan et al., 2013, Mitterreiter et al., 2017), so it was used to assess PDL1 and PD1
protein expression in nonneuronal DRG cells. Consistent with immunolabeling results, both
PDL1 and PD1 were detected on nonneuronal cells via flow cytometry. Specifically, 45.56 +
4.9% of nonneuronal CD45+ cells expressed PDL1 while 38.54 + 4.5% expressed PD1 (Fig
3F).

3.5 Human sensory neuron expression of PD1 and PDL1

The relative level of expression of PDCD1 and CD274 mRNA in human DRG sensory
neurons was examined in lumbar DRG from three human donors (Fig 4A; Supplementary
Table 2). Ganglia were dissociated and single neurons (n=24) were collected for analysis.
CD274 mRNA was detected in 83% (20/24) of neurons assessed. In contrast to qPCR
from murine sensory neurons, PDCDI mRNA was detected in 50% (12/24) of the neurons,
albeit with high CT values (indicating less MRNA present). The relative expression level
of PDCD1 was significantly lower than that of CD274 even when only those neurons

in which detectable mRNA for both PDCD1 and CDZ274 were included in the analysis
(t(30)=3.412, p=0.002) (Fig 4B). However, these data should be interpreted with caution
given the potential for contamination by satellite glia still attached to some neurons (Fig
4A).

In order to assess protein expression, human DRG sections were subjected to
immunolabeling. Two independent labs conducted these studies for the purpose of
validation (Saloman and Scheff). Sections were co-stained for TRPV1 as the majority

of human sensory neurons express TRPVI mRNA (Haberberger et al., 2019). The
Saloman lab performed immunofluorescent staining and observed PDL1 immunoreactivity
in both neuronal and nonneuronal cells (Fig 4C). Using two different antibodies against
PD1 (Biolegend (Fig 4D) and Sigma (Fig 4E)), the Saloman lab only detected PD1
immunolabeling in nonneuronal cells, putatively satellite glia. In a parallel study, the
Scheff laboratory performed enzymatic immunohistochemistry on human DRG sections.
The Scheff lab also detected PDL1 expression in TRPV1 positive neurons as well as in
nonneuronal cells surrounding the neurons (Fig 4F). Using a third PD1 antibody (Cell
Signaling), the Scheff lab detected no PD1 expression (Fig 4G).

3.6 Exogenous PD1, but not PDL1, suppresses TRPV1-dependent pain behaviors in male

mice

Due to the significant overlap between PDLIand TRPVI gene expression, we examined
the effects of intracellular PDL1 signaling on TRPV1-dependent nocifensive behaviors.
Injection of the TRPV1 agonist capsaicin into the intraplantar region of the hindpaw is
known to induce spontaneous nocifensive behaviors that include shaking, licking, biting,
flinching and lifting of the injected paw (Carey et al., 2017; Hamity et al., 2010). PD1

(0, 1, or 5ug) or PDL1 (0, 1, or 5ug) was injected intraplantar (15 pl) followed by video
monitoring for 10 min. Nocifensive behaviors were absent over the 10 min interval for all
groups. Next, an ipsilateral intraplantar injection of capsaicin was administered (0.05%

in 10pl) and the number and duration of nocifensive behaviors were assessed for the
subsequent 10 min. Both the number and duration of nocifensive behaviors were assessed by
a blinded experimenter. In mice receiving a prior injection of PD1, the number of capsaicin-
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evoked nocifensive behaviors was reduced compared to vehicle-treated mice (F(2 21)=4.971,
p=0.017) (Fig 5A; Supplementary Video 1). The duration of capsaicin-evoked behaviors
was also reduced by PD1 pretreatment (F(; 20)=5.064, p=0.017) (Fig 5B). This study was
designed to detect significant drug effects with a power of 0.80, and significant differences
were detected between groups. However, the power was only 0.65. While not originally
powered to detect an influence of sex, exploratory analyses were performed to determine
whether a sex effect might contribute to the decrease in power detected with the one-way
ANOVA. Unexpectedly, differences between males and females were large enough to
detect an interaction between sex and drug with a two-way ANOVA (power >0.89). There
were significant main effects of both sex and drug (sex: F(y,18)=14.723, p=0.001; drug:
F(2,18=8.244, p=0.003) (Fig 5C). The effect of sex appeared to be due to a PD1-induced
suppression of capsaicin-evoked behavior in males not detected in females. Comparable
results were obtained with a two-way ANOVA of the duration of capsaicin-evoked behavior
data, where there was a trend toward a significant interaction between sex and drug,
(sex*drug: F(2,17)=3.02, p=0.075) (Fig 5D). Unexpectedly, pretreatment with a high dose
of recombinant PDL1 resulted in an increase in the number of capsaicin-evoked nocifensive
behaviors (F(2,30)=3.999, p=0.029) (Fig 5E). An exploratory two-way ANOVA revealed a
main effect of sex (p=0.02) and drug (p=0.014) (Fig 5F). However, there was no effect

of PDL1 on the overall duration of capsaicin-evoked behaviors (Fig 5G,H). Given that
some mice engaged in a single behavior such as lifting for extended uninterrupted periods,
the small but significant increase in the number of nocifensive behaviors should not be
overinterpreted. To determine if neuronally expressed PDL1 is necessary for the inhibitory
effects of exogenous PD1, we assessed capsaicin-evoked behaviors in TRPV1cre:PDL1/
mice in which PDL1 is not expressed in sensory neurons. Pretreatment with PD1 reduced
the number of capsaicin-evoked nocifensive behaviors in genotype controls but had no
impact in TRPV1cre:PDL1" mice (genotype*drug: F(, 35=4.489, p=0.018) (Fig 5I).
Similarly, administration of PD1 reduced the duration of capsaicin-evoked nocifensive
behaviors in genotype controls but had no effect in the knockout mice (genotype*drug:
F(2,35=5.22, p=0.01) (Fig 5J).

3.7 PDL1, but not PD1, signaling suppresses acute TRPV1-dependent nociception

To determine whether the PD1:PDL1-induced changes in nocifensive behaviors were due
to the direct effect of drug on TRPV1 signaling in sensory neurons, we performed /n

vitro Fura2-AM based calcium imaging. Capsaicin was applied three times (300nM, 4s) to
dissociated DRG neurons, with a minimum inter-stimulus interval of 10 min to minimize
tachyphylaxis (Fig 6A, blue vehicle trace). After the first capsaicin-evoked response returned
to baseline (minimum 5 min), vehicle (<0.01% BSA) or PD1 (32ng/ml, 320ng/ml) was
applied for 5 min. There was no change in intracellular Ca2* in response to PD1 alone
(Fig 6A, green trace). However, pretreatment with 32ng/ml PD1 significantly inhibited
the second capsaicin-evoked response (defined as =15% decrease in the second response
compared to the first transient) in 32 out of 37 neurons tested (Fig 6B, Supplementary Fig
3B). There was no measurable recovery in response to a third application of capsaicin in

9 out of 32 neurons that met the criterion for a PD1-induced suppression of the capsaicin-
evoked transient (Supplementary Figure 3B). In DRG cultures treated with 320ng/ml

PD1, 41 out 50 neurons exhibited a suppression of the second capsaicin-evoked transient;
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20 out of 41 neurons did not exhibit recovery in response to the third application of
capsaicin (Supplementary Fig 3C). The Scheff laboratory independently investigated the
effects of PDL1 signaling in dissociated trigeminal ganglia neurons where 15 out of 16
neurons exhibited a PD1-induced suppression of the transient and subsequent recovery
(Supplementary Fig 4).

Using the same experimental paradigm, we assessed the effects of soluble PDL1 (0, 1,

or 10 ng/ml) on wild-type DRG neurons. PDL1 had no significant effect on capsaicin
responses (Fig 6C,D; Supplementary Fig 3D-F)). In order to confirm that the effects of
extracellular PD1 require neuronal PDL1, we examined capsaicin-evoked calcium transients
in neurons isolated from TRPV1cre:PDL1%/f mice (Fig 6E). PD1 reduced the proportion of
capsaicin responders in control neurons, but not PDL1 knockout neurons (two-way ANOVA:
genotype*drug: F(2,12)=6.904, p=0.01) (Fig 6F). These observations suggest that PD1
binding to afferent-expressed PDL1 underlies the suppression of capsaicin evoked transients.

3.8 PDL1-dependent suppression of TRPV1 is independent from changes in p-ERK or

p-p38

In non-neuronal PDL1 expressing cells, binding of PD1 to PDL1 has been shown to regulate
intracellular ERK and p38 kinases (Black et al., 2016; Wu et al., 2018). Activation, via
phosphorylation, of ERK and p38 can drive transcription and activation of other kinases

and phosphatases (Reffas and Schlegel, 2000; Wortzel and Seger, 2011; Zheng et al., 2011).
Activation of both ERK and p38 have been implicated in the regulation of TRPV1 activity
(Ji et al., 2002; Zhu and Oxford, 2007). Based on these results, we hypothesized that

a downregulation of phosphorylated ERK (p-ERK) or phosphorylated p38 (p-p38) could
underlie the PDL1-mediated suppression of capsaicin responses observed in male mice. To
determine if PDL1-dependent modulation of these kinases occurs in DRG neurons, cultures
were treated with PD1 (0 or 320ng/ml) for 5 min followed by immunoblotting to measure p-
p38 and p-ERK. Under naive conditions, DRG cultures derived from female mice expressed
significantly higher levels of p-p38 compared to cultures derived from male mice (two-way
ANOVA: Sex: F(1,14=10.07, p=0.007), but treatment with PD1 had no effect on the level of
p-p38 (Supplementary Fig 5A,B). On the other hand, PD1 induced a significant sex specific
increase in p-ERK which was due to an increase in p-ERK in cultures derived from female,
but not male mice (two-way ANOVA: sex*drug: F(; 21)=14.64, p=0.001) (Supplementary
Fig 5E,F). There were no significant differences in the relative expression levels of total

p38 (Supplementary Fig 5C,D) or total ERK (Supplementary Fig 5G,H). These data do

not support our hypothesis and suggest that PDL1-dependent suppression of TRPV1 is
independent from changes in p-ERK or p-p38.

3.9 Engaging neuronal PDL1 decreases membrane TRPV1

Another mechanism that could explain how PDL1 activation leads to suppression of
capsaicin-induced nocifensive behavior and alterations in calcium signaling is that PD1-
binding to PDL1 modulates expression or conductance of membrane bound TRPV1. To
test this possibility, DRG cultures from either TRPV1cre:PDL1fl or control littermates
were prepared in the same manner as described in section 2.3. Coverslips generated from
both genotypes were treated with 0 or 320ng/ml for 5 min followed by immunolabeling
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with a TRPV1 antibody targeting an extracellular domain (Fig 7A). Application of PD1
significantly reduced membrane TRPV1 in control neurons but had no effect on neurons
from TRPV1cre:PDL1M mice (two-way ANOVA followed by Sidak test: drug*genotype:
F(1,15=10.15, p=0.006) (Fig 7B). To allow for within animal comparisons, coverslips from
a single mouse were used for both vehicle and drug treatments. The TRPV1 fluorescent
signal was 46% lower in PD1-treated control neurons compared to vehicle-treated neurons
derived from the same mouse (t(7)=3.208, p=0.004) (Fig 7C). These data indicate that
intracellular signaling downstream of PDL1 causes internalization or removal of membrane
bound TRPV1, providing a potential mechanism for the changes in behavior and calcium
transients following activation of neuronal PDL1.

4. Discussion

Here we refine expression data and extend knowledge of the functional role for PD1:PDL1
signaling in nociceptive primary sensory afferents. We have shown Cad274 mRNA is
widespread in both somatic and visceral afferents and a subpopulation of post-ganglionic
sympathetic neurons. We also demonstrated that Ca274 mRNA was detected in 83% of
human sensory neurons. Using single nucleus RNAseq (snRNAseq) to probe human DRG
neurons, Traveres-Ferreira and colleagues also detected widespread CD274 (in all neuron
RNA clusters) (Tavares-Ferreira et al., 2021). We also visualized PDL1 protein in both
human and mouse spinal sensory neurons and confirmed localization by flow cytometry
of dissociated mouse DRG neurons. Expression of PDL1 on spinal sensory neurons is
consistent with earlier studies reporting PDL1 expression in murine trigeminal sensory
neurons (Jeon et al., 2013; Shi et al., 2020).

Pdcd1 mRNA expression in mouse and human sensory neurons has also been reported
(Chenetal., 2017a; Liu et al., 2020; Shi et al., 2020; Wang et al., 2020a; Wang et al.,
2020b). However, three independent laboratories contributing to the present study were
unable to detect neuronal PdcdZ mRNA and/or protein in mouse neurons. It should be

noted that previous mouse single cell RNAseq studies also reported no Pdcdl mRNA in
sensory or sympathetic neurons (Chiu et al., 2014; Hockley et al., 2019; Kupari et al., 2019;
Usoskin et al., 2015; Wang et al., 2017; Zeisel et al., 2018). Moreover, we were unable to
reproduce the results from the original study that examined PD1 in sensory neurons (Chen
et al., 2017a), despite using the same PD1 antibody (Fig 3, 4); our immunolabeling and flow
cytometry analyses indicated that only non-neuronal cells in mouse were immunoreactive
for PD1. The presence of PD1 in non-neuronal cells could account for several conclusions
from the original study in which functional studies were done on whole, partially digested
ganglia that included satellite cells as well as different populations of immune cells (Chen
etal., 2017a). While PD1 (mRNA or protein) was undetectable in mouse neurons in the
present study, we did detect low levels of PDCDI mRNA in human sensory neurons.
Nevertheless, our DRG culture and immunofluorescence labeling suggests that at least some
of the signal may have originated from adherent satellite cells, which are difficult to separate
from adult human DRG neurons in the acute setting (Fig 4A), requiring at least 24 hours

in culture to fully detach from neurons. A new snRNAseq study on human DRG also did
not detect PDCD1 (personal communication, Steve Davidson). However, it should be noted
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that the Travares-Ferreira et al SnRNAseq did detect PDCD1, albeit at particularly low levels
(Tavares-Ferreira et al., 2021).

In the present study, exogenous PD1 induced no spontaneous behavior in the 10

min following intraplantar injection. There was a significant reduction in capsaicin-

evoked nocifensive behaviors in male mice, suggesting that neuronal PD1-evoked PDL1
intracellular signaling is anti-nociceptive. There are several examples of sex differences in
pain along the neuraxis (Presto et al., 2022). Other anti-nociceptive molecules (e.g. delta
opioid agonists) are significantly more potent in males (Saloman et al., 2011), so it is
possible that if we tested higher concentrations of PD1 a similar effect would be observed
in females. None of our analyses revealed marked differences in PDL1 expression that
would explain the lack of efficacy in female mice. Moreover, we observed PDL1-dependent
suppression of TRPV1 Ca?* flux in neurons derived from both male and female DRG.
However, Mapplebeck and colleagues’ review of sex differences in neuroimmune regulation
of pain, points out that while microglia proliferate in the spinal cord in both sexes following
peripheral nerve injury, they only induce upregulation of the P2X4 receptor in males
(Mapplebeck et al., 2016). Thus, differences in the signaling mechanisms downstream of
PDL1 may explain the behavioral differences in male and female mice following treatment
with exogenous PD1. Additional studies are needed to more thoroughly investigate the
mechanisms responsible for the observed sex difference.

In contrast to our data, Chen and colleagues administered the same concentration of PD1
(5 ug) under naive conditions and observed a significant decrease in mechanical threshold
suggesting a pro-nociceptive effect (Chen et al., 2017a). The underlying reason for the
inconsistency between our findings and theirs is unclear. One possibility is differences

in the structure of soluble PD1 that was used. Soluble (not membrane-bound) PD1 and
PDL1 splice variants have been identified in humans; soluble PD1 and PDL1 lack the
transmembrane domain but contain the extracellular Ig domains and maintain the ability to
bind PDL1 and PD1, respectively (Sharpe and Pauken, 2018; Zhu and Lang, 2017). In the
current study, we used active recombinant mouse PD1 containing the extracellular domain
mimicking endogenous soluble PD1, whereas Chen and colleagues used a disulfide-linked
homodimer in which the extracellular domain was fused with human IgG1.

We observed an increase in the number of capsaicin-evoked nocifensive behaviors following
administration of 5 ug PDL1 that appears to be due to a selective effect in females. While
this suggests the possibility that extraneuronal PDL1 is pronociceptive in females, we are
cautious not to overinterpret the data, particularly given that there was no difference in

the duration of behaviors or any other parameter examined. For example, we observed

no changes in capsaicin-evoked calcium transients following pretreatment with PDL1 in
neurons collected from female mice. At the very least, this implies that any behavioral
effects of exogenous PDL1 are not due to a direct action on neurons which is consistent with
our data indicating that the binding partner, PD1, is not expressed on the neurons. Elevated
levels of soluble PDL1 have been detected in patients with acute pancreatitis (Chen et al.,
2017b), an inflammatory condition in which pain is a diagnostic criterion. This observation
is consistent with the possibility that PDL1 is pro-nociceptive, but through an indirect
pathway. In our study, the exogenous PDL1 could be driving nociception by binding to PD1,
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putatively expressed on resident and infiltrating immune cells. This would prevent PD1 from
being able to bind to the neuronal PDL1, resulting in the loss of PDL1-dependent neuron
inhibition thereby promoting nociception and pain.

In the current study, application of PD1 was associated with increased phosphorylation

of ERK1/2 in DRG cultures from female mice. Neuronal p-ERK is thought to be pro-
nociceptive, potentiating TRPV1 via increased transcription, translation and phosphorylation
(Camprubi-Robles et al., 2009; Hensellek et al., 2007; Kao et al., 2012; Langeslag et

al., 2011; Rozas et al., 2016; Utreras et al., 2013). If PD1 binding to PDL1 induces

p-ERK in female neurons it could theoretically potentiate TRPV1 or at least counteract
PDL1-dependent internalization of membrane-bound TRPV1. This could explain why there
was no apparent PD1-induced suppression of capsaicin-evoked behavior in female mice.

We suggest the actions of PD1 observed in the present study are the result of PDL1 signaling
in sensory afferents given that the effects are absent in TRPV1cre:PDL1f mice. Little is
known about the intracellular signaling downstream of PDL1 because the primary focus

in immunology has been on the PD1-expressing cells. However, we do know that PD1
binding to PDL1 inhibits dendritic cell activity, as measured by increased IL-10 that limits
the pro-inflammatory activity of the cells (Kuipers et al., 2006). Similarly, we observed a
reduction in TRPV1 calcium signaling following application of PD1 suggesting that PD1
binding to PDL1 has an inhibitory effect on sensory neurons, suppressing nociception and
pain behavior. Given the lack of data regarding signaling cascades downstream of PDL1,
we based our initial hypothesis on two studies in nonneuronal cells (dendritic and tumor)
showing that PDL1 signaling regulates p-ERK and p-p38 (Black et al., 2016; Jalali et al.,
2019; Wu et al., 2018), which are known for modulating transcription and downstream
kinase and phosphatase activity. However, we saw no difference in p-ERK or p-p38 in male
DRG, suggesting that PDL1-dependent suppression of TRPV1 signaling does not require
changes in p-ERK or p-p38. Given the short time period (5-10 minutes) in which PDL1
has its antinociceptive effect, other likely explanations include loss of membrane bound
TRPV1. This is supported by our data showing that exogenous PD1 blocks TRPV1 calcium
flux and reduces the relative levels of TRPV1 immunoreactivity in the membrane. Future
studies will be needed to further investigate the processes mediating membrane expression
of TRPV1 which could range from local translation (Tohda et al., 2001) to changes in
receptor internalization (Camprubi-Robles et al., 2009; Sanz-Salvador et al., 2012).

Checkpoint proteins like PDL1 play an important role in balancing immunopathology and
protective immunity, homeostasis and tolerance (Qin et al., 2019). Many cell types of finite
lifespan (e.g. endothelial and epithelial cells) express PDL1 as a means of maintaining
tolerance and preventing autoimmunity (Sharpe and Pauken, 2018). Sensory and post-
ganglionic sympathetic neurons are post-mitotic, making their axons exposed continuously
to the immune system for the life of the animal, resulting in an even greater need to induce
immune tolerance. The ability of PD1 to attenuate TRPV1 signaling is consistent with this
idea; neuron-immune communication that decreases sensitivity of afferent neurons would
also decrease peripheral release of molecules known to drive inflammation and potentially
damage peripheral neuron processes. Thus, expression of a checkpoint protein like PDL1
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could be an effective mechanism for afferent neurons to limit their exposure to a cytotoxic
environment produced by active immune cells.
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Highlights
. PDL1, but not PD1, is widely expressed in murine and human sensory
neurons.
. PD1 inhibits capsaicin-evoked behaviors and Ca?* via reduction of membrane
TRPV1.
. Anti-nociceptive effects of exogenous PD1 require neuronally expressed
PDL1.
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Figure 1. Cd274 and Pdcdl mRNA expression in whole sensory and sympathetic ganglia.

(A) Plot shows relative level of Ca274 mRNA detected in intact murine sympathetic and
sensory ganglia and lymph nodes. Data were analyzed by one-way ANOVA, F(s 18)=22.32,
p<0.0001. Relative expression of Cd274in all sensory ganglia was significantly (p<0.05)
lower than that in lymph nodes (Holm-Sidak’s test). N=4-5/tissue. (B) Plot shows relative
expression of Pdcdl mRNA in sympathetic and sensory ganglia and lymph nodes. Data
were analyzed by one-way ANOVA and compared to lymph nodes, F s 20)=52.93, p<0.0001.
The relative expression of Pdcdl in all ganglia except NG was significantly lower than that
in lymph nodes (Holm-Sidak’s test). N=4-7/tissue. SCG - superior cervical ganglia, NG

- nodose ganglia, DRG - dorsal root ganglia, TG - trigeminal ganglia *p<0.05, **p<0.01,

**%n<0,001, ****p<0.0001
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Figure 2. Cd274 and Pdcd1l mRNA expression in individual spinal sensory neurons.
MRNA analyses were conducted on individual retrogradely labeled sensory neurons

collected following dissociation of DRG that innervate the targeted tissue (Panel A-C) or
from dissociation of all DRG (Panel D,E). (A) Representative image of acutely dissociated
mouse DRG revealing fluorescent labeling of colon afferents (20X). (B) Cd274 mRNA, but
not Pdcdl mRNA was detected in individual neurons innervating skin, muscle and visceral
organs including colon, bladder, and pancreas. (C) 7rpvZ mRNA was detected in 70.8—
91.7% of neurons in which Cd274 mRNA was also detected. (D) DRG neurons incubated
with IFN~y overnight show significantly increased levels Cad274 mRNA expression. Fold
expression was calculated using the AACt method. Neurons were collected from two
independent experiments (Kruskal-Wallis Test followed by Dunn’s post-hoc test, H=32.75,
df=4, p<0.001). (E) IFNy increases the proportion of neurons expressing detectable levels
of Cd274 mRNA. Data are pooled from two independent experiments (chi-square test
X2(3, n=33)=12.07, p=0.007).
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Figure 3. PDL1 and PD1 protein expression in mouse DRG.
(A) Mouse DRG were immunolabeled with the pan-neuronal marker PGP9.5 (left). After

imaging the PGP9.5 staining, the same sections were subjected to a de-glycosylation
reaction and subsequently immunolabeled for PDL1 (right). The arrowheads indicate PDL1
positive neurons. (B) Mouse DRG were immunolabeled for TRPV1 (left), followed by
de-glycosylation and labeling for PDL1 (right). Arrowheads indicate co-localization of
TRPV1 and PDL1. (C) DRG sections co-labeled for PGP9.5 (red) and PD1 (green) show
no colocalization. (D) DRG sections were co-labeled for PD1 (green) and TRPV1 (red), but
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no colocalization was observed. (C-D) Scale bars=50pum. Micrographs are representative of
independent experiments performed on DRG from a minimum of 4 mice. (E) /eft Dot plot
shows PDL1 expression in cells expressing the neuronal marker, NeuN. midd/e Dot plot
shows negligible PD1 expression on DRG sensory neurons, marked by NeuN. right Group
data indicate 66.2 + 12.2% of DRG neurons express PDL1 while only 0.51 + 0.2% of DRG
neurons express PD1 protein. (F) /eft Representative dot plot showing PDL1 expression

on non-neuronal (CD45+) cells isolated from mouse DRG. midd/e Representative dot plot
shows PD1 expression on non-neuronal (CD45+) cells isolated from mouse DRG. right
Group data show 45.6 + 4.9% of CD45+ cells express PDL1 and 38.5 + 4.5% express PD1.
For flow cytometry experiments, N=7-8 per group.
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Figure 4. Expression of PDL1 and PD1 in human DRG neurons.

(A) Brightfield image of acutely dissociated human DRG (10X) used for collection of
neurons for mRNA analysis. * marks examples of neurons surrounded by satellite glia

Page 25

(arrow). (B) CD274and PDCDI mRNA was detectable in human DRG neurons (n=24,
N=3); CD274 mRNA was significantly higher (lower ACt) compared to PDCDI mRNA,
t(30)=3.412, p=0.002 (Student’s t test). (C) Representative micrographs of a human DRG

section labeled to detect TRPV1, de-glycosylated and subsequently labeled for PDLL1.

(D) Representative micrograph of human DRG co-labeled with antibodies to TRPV1 and
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PD1 (Biolegend). (E) High magnification (20X) image of human DRG labeled with anti-
PD1 (Sigma) indicates expression in nonneuronal cells. Micrographs are representative of
independent experiments performed on DRG from a minimum of 4 donors (Supplementary
Table 1). (F) Adjacent sections of human DRG stained for PDL1 and TRPV1. White

arrow indicates a neuron with expression of both PDL1 and TRPV1. Small black arrows
indicate nonneuronal expression of PDL1. (G) PD1 immunoreactivity in human DRG was
not detected via IHC. The caret symbols indicate brown signal that was determined to

be artifact because it was also present in the negative controls (tissue sections in which
primary antibody was excluded during the staining process). Detailed antibody information
is provided in Supplementary Table 3 and 4. All scale bars=50um.
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Figure 5. Neuronal PDL1 inhibits TRPV1-dependent pain-associated behavior.
(A) The number of capsaicin-evoked behaviors was significantly inhibited by exogenous

PD1 (one-way ANOVA and Holm-Sidak’s test, F(» 21y=4.971, p=0.017). (B) There was

a significant influence of sex on the impact of PD1 on the number of capsaicin-evoked
behaviors (two-way ANOVA, Sex: F(1 18)=14.723, p=0.001; Drug: F(2 1)=8.244, p=0.003;
Sex*Drug: F(2,18)=1.054, p>0.05). (C) PD1 reduces the duration of capsaicin-evoked
behaviors (one-way ANOVA and Holm-Sidak’s test, F(; 0y=5.064, p=0.017). One statistical
outlier (determined by Grubbs’ test) was excluded. (D) A statistical trend suggests that

PD1 inhibits the duration of nocifensive behaviors specifically in male, but not female

mice (two-way ANOVA followed by Holm-Sidak’s test, Sex: F(,,17)=10.30, p=0.005;

Drug: F(2,17)=8.719, p=0.004; Sex*Drug: F(,,17)=3.02, p=0.075). (E) Exogenous PDL1
dose-dependently increased the number of capsaicin-evoked nocifensive behaviors (one-way
ANOVA, F(2,30)=3.999, p=0.029). (F) A two-way ANOVA revealed main effects of sex and
drug on the number of capsaicin-evoked nocifensive behaviors following pretreatment with
PDL1 (Sex: F(1,27)=6.086, p=0.02; Drug: F(3 27)=4.992, p=0.014). (G) PDL1 had no effect
on the duration of capsaicin-evoked nocifensive behaviors (one-way ANOVA, F(; 9y=0.844,
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p>0.05). (H) The duration of capsaicin-evoked nocifensive behaviors following PDL1
treatment were not affected by sex (p>0.05). (I) PD1 had no effect on the number of
capsaicin-evoked nocifensive behaviors in TRPV1cre:PDL1M/ mice (two-way ANOVA
followed by Holm-Sidak’s test, Genotype*Drug: F (2 35=4.489, p=0.018). (J) PD1 had no
effect on the duration of capsaicin-evoked nocifensive behaviors in TRPV1cre:PDL1f/
mice (two-way ANOVA follow by Holm-Sidak’s test, Genotype*Drug: F(; 35=5.22,
p=0.01). N=6-12 per condition.
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Figure 6. PDL1 intracellular signaling inhibits TRPV1-mediated calcium signaling.
(A-D) Capsaicin (300nM, 4s) was applied to DRG neurons three times with experimental

drug applied for 5 min preceding the second capsaicin application. (A) Example traces
from DRG neurons treated with vehicle (blue) or high dose PD1 (green). (B) Pooled
data show that PD1 inhibits capsaicin responses in DRG neurons (two-way repeated
measures ANOVA, Drug*Time: F(4 232)=4.781, p=0.001). (C) Example traces from DRG
neurons treated with vehicle (teal) or high dose PDL1 (orange). (D) PDL1 did not alter
capsaicin responses in DRG neurons (two-way repeated measures ANOVA, Drug*Time:
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F(4,70)=2.315, p>0.05). (E-F) PD1 (0, 32, or 320 ng/ml) was applied for 5 min prior to

the application of capsaicin (300nM, 4s) to DRG cultures derived from TRPV1cre:PDL1f/
and littermate control mice. At the end of the experiment 50mM KCI was applied to
identify viable cells. (E) Example traces of capsaicin evoked transients. (F) The proportion
of capsaicin responders (relative to total viable neurons) was compared between neurons
from genotype control and TRPV1cre:PDL1/M (N=3, n=24-57 per mouse). PD1 dose-
dependently reduced the proportion of capsaicin responders in control neurons only (two-
way ANOVA followed by Sidak’s test: genotype*drug: F(2 12)=6.904, p=0.01).
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Figure 7. Engaging neuronal PDL1 decreases membrane TRPV1.
(A) Representative micrographs of membrane TRPV1 in DRG cultures from control and

TRPV1cre:PDL1M/M mice that were treated with 0 or 320 ng/ml PD1. (B) Application

of PD1 (320ng/ml) significantly reduced membrane TRPV1 in control neurons, but not
PDL1 knockout neurons (two-way ANOVA followed by Holm Sidak’s test: genotype*drug:
F(1,15=10.15, p=0.006). (C) The percent change in TRPV1 signal of PD1-treated neurons
relative to vehicle-treated neurons derived from the same mouse illustrates that PD1
significantly reduces membrane TRPV1 in control, but not PDL1 knockout neurons
(t(7y=3.208, p=0.004). N=4-5 per genotype
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