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SUMMARY

Protein disulfide isomerase (PDI) plays a key role in maintaining cellular homeostasis by mediating protein
folding via catalyzing disulfide bond formation, breakage, and rearrangement in the endoplasmic reticulum.
Increasing evidence suggests that PDI can be a potential treatment target for several diseases. However, the
function of PDI in the peripheral sensory nervous system is unclear. Here we report the expression and
secretion of PDI from primary sensory neurons is upregulated in inflammatory and neuropathic pain models.
Deletion of PDI in nociceptive DRG neurons results in a reduction in inflammatory and neuropathic heat hy-
peralgesia. We demonstrate that secreted PDI activates TRPV1 channels through oxidative modification of
extracellular cysteines of the channel, indicating that PDI acts as an unconventional positive modulator of
TRPV1. These findings suggest that PDI in primary sensory neurons plays an important role in development
of heat hyperalgesia and can be a potential therapeutic target for chronic pain.

INTRODUCTION

Protein disulfide isomerase (PDI) was discovered by two inde-
pendent research groups over 60 years ago (Goldberger et al.,
19683; Venetianer and Straub, 1963). PDI is an abundant protein
in the endoplasmic reticulum (ER), where its levels approach a
millimolar range (Lyles and Gilbert, 1991), accounting for up to
~0.4% of total cellular protein (Hillson et al., 1984). PDI has a
central role as a dithiol-disulfide oxidoreductase in catalyzing
the reversible formation and isomerization of the disulfide bond
(Wilkinson and Gilbert, 2004); PDI also acts as a molecular chap-
eronein ER (Ellis, 2013). PDI has an important physiological func-
tion to assist proper protein folding. It has also been implicated in
several pathological conditions and diseases, particularly those
related to ER stress and unfolded protein response (Matsusaki
et al., 2020). For example, PDI upregulation was reported in
many neurodegenerative diseases (Colla et al., 2012; Honjo
et al., 2017; Massignan et al., 2007). It is believed that PDI upre-
gulation is a protective response leading to a reduction in protein
misfolding. However, long-term upregulation of PDI causes self-
aggregation and may lead to oxidative stress (de A Paes et al.,
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2011) and apoptosis (Hoffstrom et al., 2010). While the physio-
logical and pathological functions of PDI in the CNS are under
intense scrutiny, the functions of PDI in the peripheral nervous
system are underexplored.

PDI has a multiple-domain structure that can be described as
a-b-b’-x-a’-c (Wang et al., 2013); the active sites with CGHC mo-
tifs are located in the thioredoxin-like a and a’ domains, whereas
the substrate binding is accomplished by the b and b’ domains.
The x-linker is located between the a’ and b’ domains, whereas
the C-terminal ¢ domain carries a classic ER-retrieval signal
sequence, KDEL (Pirneskoski et al., 2004). Despite the presence
of the KDEL sequence, a small amount of PDI can still be
secreted into the extracellular space and on the outer cell sur-
face (Araujo et al., 2017; Furie and Flaumenhaft, 2014). Multiple
redox-modulated targets have been described to be modulated
by peri/epicellular PDI pools, including o, B3 integrin in endothe-
lial cells (Swiatkowska et al., 2008), tissue factor (Reinhardt et al.,
2008), and oy B3 in platelets (Lahav et al., 2002). PDI has also
been reported to be detected in the cerebrospinal fluid (CSF)
of amyotrophic lateral sclerosis (ALS) patients (Perri et al,
2017). In the CNS of rats, PDI expression was reported in
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CA1-CA3 pyramidal cells and dentate granule cells (Kim et al.,
2017). It was further reported that PDI potentiated seizure activity
via the redox modulation of NMDA receptors, presumably via
thiol modification of NR1 and NR2A subunits of the NMDA recep-
tors in the ER and on the cell surface. Furthermore, PDI neutral-
ization by a specific PDI antibody suppressed seizure activity
(Kim et al., 2017). However, thus far, there is no direct evidence
that PDI can be secreted in the nervous system.

Chronic pain is a complex disease with limited treatment ap-
proaches. Dorsal root ganglia (DRG) neurons are somatosensory
neurons that innervate the skin, muscles, and visceral organs to
detect various stimuli (chemical, thermal, or mechanical),
including tissue injury and inflammation. Many ion channels, re-
ceptors, and signaling proteins in DRG neurons have been
shown to be involved in chronic pain generation (Basbaum
et al., 2009; Basso and Altier, 2017; Du et al., 2014, 2017; Moran
and Szallasi, 2018). Our previous studies demonstrated that
DRG plays an important role in somatosensory signal integration
and represents an underappreciated “gate” for nociception
transmission. Therefore, DRG offers a potential therapeutic
target for chronic pain treatment (Du et al., 2014, 2017). Using
data-independent acquisition-mass spectrometry analysis, it is
reported that PDI protein is significantly upregulated in DRG neu-
rons of mice with chronic inflammatory pain induced by com-
plete Freund’s adjuvant (CFA) injection (Rouwette et al., 2016).
These findings also suggest the anti-algesic efficacy of a PDI
inhibitor in a murine inflammatory pain model. However, a mech-
anistic understanding of the role of PDI in peripheral somatosen-
sory nerves, particularly in relation to chronic pain development,
is currently lacking.

In this study, we report that PDI expressed in DRG neurons is
essential for the generation of heat hyperalgesia in chronic
inflammation and neuropathic nerve injury; PDI could be
secreted from DRG neurons, particularly under pathological
conditions, and the secreted PDI functions as an endogenous al-
gogen, which directly activates or sensitizes TRPV1 channels
through extracellular cysteine oxidation.

RESULTS

PDI in the nociceptive DRG neurons selectively
modulates heat hyperalgesia in chronic pain

PDI expression in DRG has been detected using an unbiased
proteomics method (Rouwette et al., 2016). Here, we confirmed
that PDI abundantly expressed in a majority of mouse DRG neu-
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rons (Figure 1A) using immunohistochemical analysis, with a
relatively homogeneous distribution in DRG neuron subtypes,
including neurons positive for isolectin B4 (IB4; non-peptidergic
neurons), calcitonin gene-related peptide (CGRP; peptidergic
neurons), and neurofilament-200 (NF200; myelinated neurons).
We also tested PDI immunoreactivity in human DRG neurons
and verified substantial PDI expression in human DRG neurons
(Figure 1A, lower panel). To assess the potential role of PDI in no-
ciception, we generated a mouse line with conditional deletion of
PDI in somatosensory neurons expressing Nav1.8 channel,
which is a nociceptor-specific Na* channel (Agarwal et al.,
2004; Zhou et al., 2015) (Figure 1B). PDI expression was mark-
edly reduced in the DRG of SNS-Cre, PDI" mice as determined
by immunofluorescence assay (Figure 1C).

The sensitivities of SNS-Cre, PDI"™ mice to mechanical and
heat stimuli were measured. Compared with the control PDI!
mice, the SNS-Cre, PDI"™ mice showed no significant differ-
ences in basal response thresholds to either mechanical (Fig-
ure 1Di) or heat (Figure 1Dii) stimuli. For thermosensation, we
also demonstrated that SNS-Cre, PDI" and control (PDI"™)
mice showed no differences responding to a range of noxious
temperature stimuli using a hot plate test (Figure S1A) and tail-
flick test (Figure S1B). These results suggest that PDI deletion
in Nav1.8-positive DRG neurons does not affect basal sensitivity
to noxious stimuli.

Next, we tested if and how PDI deletion affected the develop-
ment of chronic inflammatory pain. We used the CFA model of
chronic inflammation. CFA was injected into the right hind paw
of either control (PDI" or PDI knockout (SNS-Cre, PDI"")
mice, and behavioral tests were performed every second day
for 14 days after the CFA injection. As expected, CFA injection
induced robust mechanical and heat hyperalgesia in the control
PDI" mice (Figure 1E); in the SNS-Cre, PDI" mice injected with
CFA, the mechanical withdrawal thresholds were comparable to
the PDI"™ mice (Figure 1Ei), whereas their heat withdrawal la-
tencies were significantly increased in comparison with the
PDI" mice (Figure 1Eii). We also performed similar behavioral
tests in a neuropathic pain model of chronic constriction injury
(CCl). Similar to the above inflammatory pain model, the SNS-
Cre, PDI" mice after CCl operation also demonstrated signifi-
cantly attenuated heat hyperalgesia but maintained a similar
level of mechanical hyperalgesia as the PDI"" control mice
(Figures S1C and 1D). Similar to the CFA model, in the first
4 days after injury, heat hyperalgesia developed with similar ki-
netics in both the PDI" and SNS-Cre, PDI" mice; however, in

Figure 1. PDI in DRG neurons is required for chronic heat hyperalgesia

(A) Immunofluorescence of PDI expression in mouse and human DRG neurons. In mouse DRG sections: co-localization of PDI with DRG neuron markers IB4,
CGRP, and NF200. Arrows indicate examples of co-localization of PDI and DRG neuron markers, arrowheads indicate only expression of PDI. In human DRG
section: tubulin B3 staining labels all neurons. Arrows indicate examples of PDI-positive DRG neurons and arrowheads indicate PDI-negative DRG neurons. Scale

bars, 50 um.
(B) Diagram depicts the generation of the SNS-Cre,PDI"" mice.

(C) Immunofluorescence shows PDI expression in DRG neurons in the SNS-Cre,PD|

IfI/fI Ifl/fl

mice is decreased in comparison with the PDI"™" mice.

(Di) Nocifensive response to mechanical stimulation. (Dii) Nocifensive response to radiant heat.

(Ei) Mechanical thresholds in the inflammatory CFA model. (Eii) Withdrawal latencies in the inflammatory CFA model (repeated measures ANOVA, # #p < 0.01,
Student’s t test or Mann-Whitney U test was used for test difference between two groups within the corresponding time point, *p < 0.05, **p < 0.01).

(F) Western blot results of PDI protein in the DRG of mice subjected to CFA treatments.

(G) Summary for (F), one-sample t test. *p < 0.05, **p < 0.01. Numbers in bar graphs represent experimental repetitions. Data are represented as mean + SEM.

See also Figure S1.
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the PDI knockout mice, the withdrawal latency did not reach the
same hyperalgesic levels as in the control animals and stopped
declining at later time points. These results suggest that PDI ex-
pressed in DRG neurons plays a crucial role in developing heat
hyperalgesia in chronic pain.

One hypothesis that would explain the reduced heat hyperal-
gesia after the knockout of PDI from nociceptors is an increased
activity of PDI during the development of heat hyperalgesia. To
test this hypothesis, we first measured the protein expression
levels of PDI in the DRG of CFA-injected wild-type (WT) mice.
CFA or saline was injected into the right and left hind paws of
the mice, respectively. As significant mechanical and heat hy-
peralgesia occurred from the third day after CFA injection, we
extracted both sides of the L3-L5 DRG from the mice on the
third, fifth, and seventh days after CFA injection for western
blot analysis. The PDI protein levels were elevated in the CFA-
treated side DRGs (Figures 1F and 1G). Similarly, significant up-
regulation of PDI proteins was also observed in CCl-treatment
side of L3-L5 DRGs of the mice on the fifth, seventh, and 10th
days after surgery, compared with the contralateral side of
DRG (Figures S1E and S1F).

Next we tested whether the chronic pain-induced increase in
PDI expression in the DRG was accompanied by an increase
in its secretion. L3-L5 DRGs of WT mice were disassociated
and incubated with either PDI antibody or control immunoglob-
ulin (Ig)G without permeabilization, and cell surface PDI antibody
labeling of cells was analyzed using flow cytometry. This exper-
iment evaluated the secreted PDI, which is being retained on the
surface of the DRG cells. As shown in Figure S2A, DRG cells
incubated with PDI antibody exhibited significantly higher fluo-
rescence intensity than IgG control, implying the presence of
PDI proteins on the surface of DRG cells. We performed similar
experiments on mice treated with the CFA injection. The results
in Figure S2B show that CFA injection induced significant upre-
gulation of PDI on the outer surface of the DRG cells, compared
with saline-injected controls. We also tested the release of PDI
by DRG cells using an ELISA assay, which measured the PDI
concentration in the extracellular solution bathing the DRG tissue
and found that the release of PDI was also increased by CFA
treatment (Figure S2C). This CFA-induced increase in PDI
release was only seen in the DRG from the control PDI"" mice,
but not in those from the SNS-Cre, PDI" mice (Figure S2Cii).
These results suggest that PDI is expressed in DRG neurons
and is secreted onto the cell surface and into the extracellular
space of the DRG neurons; the expression and secretion of
PDI by DRG neurons was significantly upregulated in the chronic
inflammatory condition.

PDI directly activates TRPV1 channel and excites the
nociceptive DRG neurons

The selective effect of PDI deletion on heat hypersensitivity led
us to speculate that PDI might directly modulate thermosensitive
TRPV1 channels (Tominaga et al., 1998). To explore this possibil-
ity, we first investigated whether a purified PDI would invoke
TRPV1-dependent nocifensive behavior. We prepared recombi-
nant human PDI (hPDI) and its catalytically inactivated recombi-
nant (hPDloooo) (Zhou et al., 2015). The purity and functionality
of these recombinant proteins were tested by SDS-PAGE and
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Di-E-GSSG reduction assay; ~90% purity was achieved (Fig-
ure S3A) and the purified recombinant hPDI proteins showed
full reductase activity, whereas the hPDloooo showed no such
activity (Figure S3B).

We then injected purified hPDI or hPDloooo into the right hind
paw of WT mice, and spontaneous nocifensive behaviors were
observed for 30 min; a group of WT mice injected with saline
was used as control (Figure 2A). Intraplantar injection of hPDI
induced robust nocifensive behaviors, which were significantly
more pronounced compared with the responses to either saline
or hPDloooo injections; no difference was found for the latter two
groups. Thereafter, we tested the algogenic effect of hPDI on
TRPV1 knockout (TRPV1-KO) mice. TRPV1-KO mice did not
display elevated nocifensive behavior in response to hPDI
injection, whereas their WT littermates did (Figure 2B). These re-
sults indicate that PDI modulation of TRPV1 may contribute to
the heat hyperalgesia observed in pathological chronic pain
conditions.

To obtain more direct evidence for PDI modulation of TRPV1,
we tested the effects of PDI on TRPV1 function using electro-
physiology. First, purified recombinant hPDI was tested for its ef-
fects on TRPV1-mediated membrane currents. In the isolated
cultured small-diameter (15-25 um) presumed nociceptive
DRG neurons; hPDI, but not hPDloooo, induced inward depola-
rizing currents recorded with whole-cell patch clamp at a holding
potential of — 60 mV (Figure 2C, room temperature). In addition,
the hPDI-induced inward depolarizing currents were significantly
reduced in the presence of the TRPV1 blocker capsazepine
(Figure 2D) and markedly reduced in the DRG neurons from
TRPV1-KO mice (Figure 2E). These experiments indicate that
PDI-induced currents are mainly mediated by endogenous
TRPV1 in DRG neurons. Furthermore, hDPI but not hPDloooo
increased the frequency of action potential (AP) firing
(Figures S4A and S4B) and depolarized the membrane potential
of the DRG neurons (Figure S4C).

To further prove that the TRPV1 channel is the direct target for
PDI action, we studied the effect of PDI on the TRPV1 channels
heterologously expressed in HEK293 cells. We first tested
mouse TRPV1 (mTRPV1), as this study used a mouse model.
Extracellular application of hPDI but not hPDloooo, evoked a
robust inward current in HEK293 cells expressing mTRPV1 (Fig-
ure 2Fi), which was similar to the PDI-induced inward currents
observed in the cultured DRG neurons, with only a larger current
amplitude. Since we used hPDI, we also tested the effects of
hPDI on human TRPV1. Similar to mTRPV1, human TRPV1
(hTRPV1) expressed in HEK293 cells also responded to hPDI
with robust inward currents (Figure 2Fii). No visible currents
were induced by hPDI in untransfected HEK293 cells (data not
shown). These results further identified TRPV1 as a direct target
of PDI activation.

Mechanism for PDI modulation of TRPV1

The above results suggest that PDI could directly activate the
TRPV1 channel. However, considering the central role of PDI in
assisting protein folding (Hillson et al., 1984; Wilkinson and
Gilbert, 2004), we investigated whether PDI could also modulate
the proper TRPV1 expression. Thus, we tested TRPV1 expres-
sion levels in the DRG from PDI knockout mice (SNS-Cre,
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Figure 2. TRPV1 mediates the PDI-induced
heat hyperalgesia and is activated by PDI

(A) Intraplantar injection of hPDI, but not the inactive
mutant hPDloooo, induced nocifensive behaviors in
the WT mice (one-way ANOVA followed by Student-
Newman-Keuls test, * #p < 0.05).

(B) Knockout of TRPV1 significantly reduced the noci-
fensive behaviors induced by intraplantar injection of
hPDI (Mann-Whitney U test, **p < 0.01).

(C) hPDI but not hPDloooo induced inward currents in
the disassociated DRG neurons (paired t test,
*p < 0.05).

(D) TRPV1 antagonist capsazepine (CPZ) significantly
reduced the hPDI-induced inward currents (paired t
test, “**p < 0.001).

(E) The hPDI-induced currents were totally abolished in
DRG neurons of TRPV1-KO mice.

(F) hPDI but not hPDloooo activated both mice TRPV1
(mTRPV1) () and human TRPV1 (hTRPV1) (i) (Mann-
Whitney U test, ***p < 0.001). Numbers in bar graphs
represent experimental repetitions. Data are repre-
sented as mean + SEM.
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Figure 3. Selective deletion of PDI in nociceptive DRG neurons does not affect the expression and function of TRPV1
(A) Immunofluorescence results of TRPV1 in DRG slices from the control (PDI") and the nociceptive DRG neuron-TRPV1-deleted (SNS-Cre, PDI" mice. Scale

bars, 50 pm.

(B) Western blot results for the expression of TRPV1 and PDI in DRG tissue of the PDI"# and the SNS-Cre, PDI" mice in (Bi); normalized expression level is shown

in (Bii) (one-sample t test, “p < 0.05).

(C) Capsaicin-induced TRPV1 currents in disassociated DRG neurons (i, whole-cell currents from holding potential of —60 mV) were not affected by selective
deletion of PDI in the nociceptive DRG neurons (ii, Mann-Whitney U test, p > 0.05); percentage of DRG neurons responding (black colored) to capsaicin with
measurable inward currents were not significantly different between the control and the PDI-deleted neurons (jii, chi-square test, p > 0.05).

(D) Immunoprecipitating results showing the interaction between TRPV1 and PDI in the DRG.

(E) Pull-down results showing the interaction between the expressed mTRPV1 and hPDI in HEK293 cells. Numbers in bar graphs represent experimental rep-

etitions. Data are represented as mean + SEM.

PDI"™. Immunofluorescence (Figure 3A) and western blotting
(Figure 3B) suggested that PDI deletion did not significantly
affect TRPV1 levels in the DRG. Furthermore, the TRPV1 current
amplitudes and the proportion of TRPV1-responsive neurons to
1 uM capsaicin were not affected by selective deletion of PDI in
nociceptive DRG neurons (Figure 3C). Lower concentrations of
capsaicin (0.5 and 0.25 uM) were also tested, and no differences
were observed in PDI CKO neurons in comparison with controls
(data not shown). These results indicate that PDI does not affect
TRPV1 expression and function under normal physiological con-
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ditions, in line with the findings that mice with selective deletion
of PDIin nociceptive DRG neurons exhibited normal sensitivity to
heat (Figure 1Dii).

Next, we tested the possible interactions between PDI and
TRPVA1. First, immunoprecipitation was performed in DRG tissue
from WT mice and it was found that PDI and TRPV1 could co-
immunoprecipitate with each other (Figure 3D). We then co-
transfected GFP-tagged mTRPV1 and His-tagged hPDI into
HEK293 cells and confirmed that GFP-tagged mTRPV1 was
co-purified with His-tagged hPDI on a Ni column (Figure 3E).
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The results so far suggest a direct activation or sensitization of
TRPV1 by PDI in chronic pain conditions, presumably due to the
increased excretion of PDI and subsequently enhanced
interactions between PDI and TRPV1 in these pathophysiolog-
ical conditions. We next explored putative molecular me-
chanisms underlying the action of PDI on TRPV1. Since PDI
catalyzes the thiol-disulfide interchange reactions between cys-
teines, the cysteines within the TRPV1 protein were studied for
their possible involvement in PDI action. Since PDI excretion is
increased in chronic pain states, we focused on a potential extra-
cellular site of action. The mTRPV1 channel contains three extra-
cellular cysteines: C617, C622, and C635. It has been reported
that C617 and C622 are located in the pore turret and are impor-
tant for the heat activation of the channel (Yang et al., 2010).
Accordingly, we generated an mTRPV1 mutant with all three
cysteine residues substituted by alanines (MTRPV1-mut;
C617A, C622A, and C635A, Figure 4A) and tested its response
to PDI in HEK293 cells. Capsaicin activated mTRPV1 and
mTRPV1-mut similarly (Figure 4B), indicating that the mutation
did not affect TRPV1 gating by capsaicin and did not significantly
affect the membrane expression of the channel. However,
whereas hPDI robustly activated mTRPV1, it failed to activate
TRPV1-mut completely (Figure 4C).

We also performed similar experiments on hTRPV1. hTRPV1
has only two cysteines (C621 and C635) in the extracellular
domain (Figure S5A). Similar to mTRPV1, mutation of these
two cysteines in hTRPV1 (hTRPV1-mut, C621A, and C635A)
did not affect its response to capsaicin (Figure S5B) but
completely abolished its response to hPDI (Figure S5C). These
results indicate that these extracellular cysteines in TRPV1 are
crucial sites for the PDI activation of TRPV1.

It is known that PDI has both oxidized and reduced states in
solution (Okumura et al., 2019); thus, we next investigated
whether an oxidizing or reducing reaction of these cysteines in
TRPV1 contributes to the activation of TRPV1. We used mem-
brane-impermeable oxidants and reductants to test their effects
on the TRPV1 channel and its mutants expressed in HEK293
cells, to observe which of these would affect TRPV1 in a manner
similar to that of PDI. MTSES (sodium (2-sulfonatoethyl) methane
thiosulfonate) is a membrane-impermeable oxidative reagent
commonly used to covalently modify the cysteine side chains
of the proteins (Pan et al., 2018). MTSES applied extracellularly,
effectively activated mTRPV1; however, it had little effect on
mTRPV1-mut (Figure 4D). Another membrane-impermeable
oxidant, DTNB (5,5-dithio-bis-nitrobenzoic acid) (Chuang and
Lin, 2009) similarly activated mTRPV1 but not the mTRPV1-
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mut (Figure 4E). In contrast, when two membrane-impermeable
reductants, L-GSH (reduced glutathione) (Susankova et al.,
2006) and TCEP (Tris (2-carboxyethyl) phosphine) (Grand et al.,
2018; Li et al., 2019), were applied extracellularly at 10 mM, no
activation of mMTRPV1 was observed (Figure 4F). Next we applied
the reductant TECP together with PDI in the extracellular solution
to test its effect on mTRPV1 current. Although there is still a small
current, TECP applied with PDI dramatically reduced the ability
of PDI to activate mTRPV1 (Figure 4G). This result suggests
that PDI activates TRPV1 through oxidative reaction. We also
tested these chemical reagents on hTRPV1 and its mutant
(hTRPV1-mut) (Figures S5D-S5F); the results were similar to
mTRPV1: the oxidants (MTSES and DTNB) activated hTRPV1
but not hTRPV1-mut; the reductants (L-GSH and TCEP) did
not activate hTRPV1. These results suggest that both mTRPV1
and hTRPV1 are in a functional state that can be modified by
oxidative but not reducing reactions, and the oxidative reaction
is likely mediated by the extracellular cysteines in TRPV1.

Molecular structural simulation of interaction between
hPDI and TRPV1

To gain a deeper insight into the potential mechanism for PDI
activation of mTRPV1 at the molecular level, we simulated the
molecular dynamic interactions between PDI and TRPV1. The
resolved hPDI structures include reduced (PDB: 4ekz ) and
oxidized (PDB: 4el1) states (Wang et al., 2013). The resolved
rTRPV1 structure lacks the region of 604-626 because of its
highly divergent property (Cao et al., 2013), and this missing re-
gion unfortunately includes the C617 and C622 in mTRPV1
(C616 and C621 in rTRPV1). Therefore, we first constructed a
simulated structure of whole-length mTRPV1 using homology
modeling based on the rTRPV1 structure (PDB: 3j5p), which is
in a closed state. Thereafter, we performed computational mo-
lecular docking between the constructed mTRPV1 and the
different structural states of hPDI. As shown in Figure 5A, the
mTRPV1 channel has a tetrameric architecture, and the four sub-
units are arranged in 4-fold symmetry around the central ion
permeation pathway. The oxidized hPDI has an opened structure
with a “U” shape (Wang et al., 2013). Docking simulation posi-
tioned the oxidized hPDI embracing the mTRPV1 channel from
outside, with two active domains of oxidized hPDI interacting
with two adjacent subunits of the mTRPV1 channel (Figures 5A
and 5B). The high-resolution simulated structure shows that
C617 and C622 residing in the extracellular loop and C635
located in the S5-S6 helix of the mTRPV1 channel, and C56 or
C59 (C53 or C56 in original protein sequence) in the active site

Figure 4. PDI and oxidants activate TRPV1 through extracellular cysteine residues
(A) Topology diagram of mMTRPV1 with the indicated mutated extracellular cysteines (MTRPV1-mut).
(B) Mutation of the extracellular cysteines did not affect capsaicin (Cap)-induced activation of mMTRPV1. Exemplary and summarized mTRPV1 and mTRPV1-mut

currents induced by Cap at holding potential of —60 mV are shown.

(C) Whole-cell currents of mTRPV1 and mTRPV1-mut were recorded either under a constant —60 mV holding potential (inset) or a ramp holding potential
from —100 mV to +100 mV (800 ms). The current amplitudes recorded at —60 mV are summarized and analyzed (Mann-Whitney U test, ***p < 0.001).

(D-F) Exemplary and summarized mTRPV1 currents induced by the oxidants MTSES (D), DTNB (E), and the reductants L-GSH (Fi), TCEP (Fii). The oxidants acti-
vated mTRPV1 but not mTRPV1-mut channels; the reductants did not activate mTRPV1 channels (Mann-Whitney U test, ***p < 0.001).

(G) Exemplary and summarized mTRPV1 currents induced by TECP, TCEP + PDI, and PDI. TCEP + PDI significantly diminishes PDI effect on the current (Mann-
Whitney U test, ***p < 0.001). Numbers in bar graphs represent experimental repetitions. Data are represented as mean + SEM.

See also Figure S5.
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of hPDI (@ domain) are in very close proximity (Figures 5C and
5D), which provides a good chance of directly catalyzing the re-
action of PDI on the TRPV1 channel. In contrast, the reduced
hPDI displaying a relatively closed structure (Wang et al., 2013)
could only interact with the mTRPV1 subunit via one of its active
domains (Figures 5E and 5F). The simulation of the interactions
between hPDI and hTRPV1 showed similar results (Figures S6).
These simulations, together with the results obtained using
hPDI and oxidants, suggest that the TRPV1 channel is likely to
be regulated by the oxidized form of hPDI. Combining these sim-
ulations and the above electrophysiological results, we pro-
posed a working model for the PDI activation of TRPV1
(Figures 5G and 5H). We suggest that cysteines at two active
sites of oxidized hPDlI interact with extracellular cysteines within
TRPV1, which drives the conformational change of the TRPV1
channel from closed to open state.

Extracellular cysteines in TRPV1 are crucial for heat
hyperalgesia in chronic pain states
In the next series of experiments, we aimed to establish a direct
link between PDI modulation of TRPV1 via extracellular cysteines
and hyperalgesia associated with chronic pain. We reasoned that
it should be possible to “rescue” the reduced heat hyperalgesia
observed in TRPV1-KO mice by re-expression in the DRG of the
WT TRPV1 channel, but not the TRPV1-mut channel lacking the
key cysteines. We obtained AAV9 viral constructs carrying
mTRPV1 or mTRPV1-mut (C617A/C622A/635A) with EGFP (Fig-
ure 6A) and injected them into the L3 and L4 DRG of TRPV1-KO
mice (see STAR Methods and Figure 6B); AAV 9 viruses carrying
only EGFP were used as control. EGFP fluorescence was readily
detectable in the L3 and L4 DRGs of the mice, 4 to 6 weeks after
the virus injection (Figure 6C, left). Expression of mTRPV1 and
mTRPV1-mut was verified using anti-TRPV1 antibodies (Fig-
ure 6C, middle). Functional expression of these TRPV1 channels
was verified by studying their activation by capsaicin in disasso-
ciated DRG neurons expressing EGFP; as expected, no capsa-
icin-induced currents were observed in the control DRG neurons
(TRPV1-KO transduced with EGFP, Figure 6D). These results
demonstrated effective rescue of TRPV1 expression in the DRG
of TRPV1-KO mice. The capsaicin-induced currents were com-
parable in amplitude in DRG neurons from both mTRPV1- and
TRPV1-mut-expressing mice (Figure 6E), which is consistent
with previous results showing that the substitution of extracellular
cysteines in MTRPV1 does not affect the sensitivity of the chan-
nels to capsaicin (Figure 4B).

Thereafter, behavioral tests were performed to test whether
functional restoration of TRPV1 in the DRG would render
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TRPV1-KO mice with nocifensive behavior to capsaicin and
hPDI. Indeed, capsaicin induced robust nocifensive behaviors
in TRPV1-KO mice overexpressing either mTRPV1 or mTRPV-
mut. This was in stark contrast to the control virus-injected
mice, which showed only marginal nocifensive response to
capsaicin (Figure 6F). When the hPDI was injected into the
hind paw instead of capsaicin, significant nocifensive behaviors
were only observed in TRPV1-KO mice overexpressing
mTRPV1 but not TRPV1-mut-expressing or GFP-expressing
mice (Figure 6G). These results demonstrate that extracellular
cysteines in TRPV1 are crucial for PDI-induced nocifensive
behavior.

Inhibition of peripheral PDI alleviates heat hyperalgesia
in chronic pain states

The evidence collected thus far indicates a role for PDI in patho-
physiological rather than physiological nocifensive behavior; this
presents PDI as a potential therapeutic target for pain control. To
explore this possibility, we investigated whether blocking PDI in
the periphery would alleviate chronic pain. First, we used intra-
plantar injection of anti-PDI antibody RL90 (Zhou et al., 2015)
to block peripheral PDI activity. The effect of such injection on
heat and mechanical hyperalgesia in CFA and CClI chronic pain
models was examined. RL90 was pre-injected into the hind
paw of mice 5 hours before the behavioral measurements on
the fifth and 11th days after CFA injection or CCI surgery (Fig-
ure 7A). IgG was injected at the same time points as controls.
As compared with IgG, there was a borderline reduction in me-
chanical hyperalgesia after the RL9O0 injections in both pain
models; the effect only reached significance at some time points
(Figures 7Bi and 7Ci). However, RL90 significantly relieved heat
hyperalgesia at each time point of injection (the fifth and 11th
days), in both CFA and CCI models, with significantly prolonged
withdrawal latency to heat stimulation (Figures 7Bii and 7Cii) in
comparison with IgG-injected mice. These results further sup-
port the idea that PDI is an important player in heat hyperalgesia
in chronic pain.

Finally, we used a different strategy to block hPDI involvement
in hyperalgesia in chronic pain: hPDloooo, the hPDI mutant lack-
ing the catalytic activity (Figure S3), was used as a competitive
blocker of hPDI, which would antagonize the algogenic effect
of hPDI. Indeed, hPDloooo pre-injected into the hind paw signif-
icantly relieved the heat hyperalgesia on the fifth day in both CFA
and CCI models (Figures 7D and 7E) but had no obvious effects
on mechanical hyperalgesia (data not shown). These results sug-
gest that PDI blocking is effective in alleviating heat hyperalgesia
in chronic pain conditions.

Figure 5. Structural simulation and molecular docking between TRPV1 and hPDI

(A) Top view of the interaction between mTRPV1 (cyan) and hPDI (purple).

(B) Side view of the interaction and relative position between mTRPV1 and the oxidated hPDI (PDB: 4el1).

(C and D) The relative distance of Cys617, Cys622, Cys635 in mTRPV1 and Cys56, Cys59 in hPDI (PDB: 4el1).

(E) Top view of the interaction between mTRPV1 (cyan) and the reduced hPDI (purple, PDB: 4ekz).

(F) Side view of the interaction between mTRPV1 and hPDI (PDB: 4el1) in reduced state.

(G and H) Working models for PDI activation of TRPV1. (G) TRPV1 at close state. Four TRPV1 subunits (cyan) form a tetrameric architecture and the four pore helix
(gray) are arranged in 4-fold symmetry around central ion permeation pathway. (H) A tetrameric TRPV1 (cyan) channel can interact with two “U”-shaped oxidated
PDI (purple). Two active centers (a and a’, yellow) of one oxidated PDI (purple) interact with two adjacent TRPV1 subunits and force the channel open.

See also Figure S6.
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Figure 6. The extracellular cysteines of TRPV1 are critical for hPDI-induced nocifensive behaviors

(A) Diagram depicts the design of AAV-Control, AAV-mTRPV1, and AAV-mTRPV1-mut.

(B) Diagram depicts the sites (L3-L4 DRG) for the injections of designed viruses in TRPV1-KO mice.

(C) Confirmation of viral infection and expression of mMTRPV1 and mTRPV1-mut in DRG neurons. Scale bars, 50 um.

(D and E) Capsaicin elicited comparable inward currents in the DRG neurons from the AAV-mTRPV1 and the AAV-mTRPV1-mut transfected mice, but not from the
AAV-Control transfected mice (Kruskal-Wallis H test followed by Nemenyi test, ***p < 0.001).

(legend continued on next page)
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Figure 7. Neutralizing or competitively antag-
onizing PDI alleviates chronic inflammatory
and neuropathic pain

(A) Mechanical withdrawal threshold and heat
withdrawal latency of the mice were tested daily for
16 days, before (day 0) and after intraplantar CFA
injection or CCl operation. On the fifth and 11th days
after CFA injection or CCI operation, anti-PDI anti-
body RL90 or IgG was pre-injected 5 h before the
nocifensive behavior tests.

(B and C) Thresholds to mechanical stimulus (i) and
withdrawal latencies to radiant heat stimulus (i) are
shown for both RL90-and IgG-injected mice of the
CFA (B) and CCI (C) model.

(D and E) Pre-injection of inactive hPDloooo signif-
icantly increased heat withdrawal latency in CFA
(D) and CCI (E) models. BSA was injected as a
control. Two-sample t test, Student’s t test or Mann-
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in the Nav1.8 (SNS)-expressing nocicep-
tive DRG neurons (Agarwal et al., 2004)
blunted the heat hyperalgesia in patholog-
ical pain conditions but did not affect the
physiological nocifensive behaviors, sug-
gests that the increased activity of PDI
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DISCUSSION

Although a previous proteomic study has reported an upregu-
lated PDI (among other proteins) in DRG neurons in a CFA-
induced inflammatory pain model (Rouwette et al., 2016), our
study provides a conceptual framework for the role of PDI as
a key determinant of heat hyperalgesia in both inflammatory
and neuropathic pain. The fact that selective deletion of PDI
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was a key element to the heat hyper-
algesia specifically and without much
contribution to acute physiological pain
responses. This distinct modulation of
pathological versus physiological heat no-
cifensive behaviors is almost certainly due
to the increased secretion and expression
of PDI under pathological pain conditions.
Although PDI has a C-terminal ER reten-
tion sequence KDEL (Furie and Flaumen-
haft, 2014; Hatahet and Ruddock, 2009),
PDI secretion has been described in

hPDloooo several cell types (albeit not in neurons)

(Hahm et al., 2013; Lahav et al., 2002;
Mineiro et al., 2020; Swiatkowska et al.,
2008). We demonstrate here that PDI

could be secreted to both extracellular medium and onto the
cell surface of DRG neurons. Chronic inflammation increased
the secretion to the extracellular space by ~10% while PDI
detectable on the cell surface was increased by ~30%. We
believe that both types of secretion could contribute to
TRPV1 potentiation by PDI. Here we cannot exclude the possi-
bility that other cells, such as satellite glia, could also secrete
PDI in some conditions. Indeed, our immunohistochemical

(F) Capsaicin elicited comparable nocifensive behaviors in the AAV-mTRPV1 and the AAV-mTRPV1-mut transfected mice, but not the AAV-Control transfected

mice (one-way ANOVA with Student-Newman-Keuls post hoc test, *p < 0.05).

(G) hPDI elicited significant nocifensive behavior only in the AAV-mTRPV1 transfected but not in the AAV-mTRPV1-mut transfected mice (Kruskal-Wallis H test
followed by Nemenyi test, *p < 0.05). Numbers in bar graphs represent experimental repetitions. Data are represented as mean + SEM.
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analysis shows that PDl is expressed in the satellite glial cells in
DRG (data not shown). However, genetic deletion of PDI in
Nav1.8-positive neurons specifically, completely abolished the
CFA-induced increase of PDI secretion; hence, it is logical to
assume that the main source of PDI in chronic inflammation
is the DRG neurons.

We provided sufficient evidence to show that PDI induced heat
hyperalgesia by activating TRPV1, possibly through an autocrine
or paracrine mechanism. TRPV1 in sensory neurons is viewed as
an integrator of chemical and physical noxious stimuli (Caterina,
2014; Vay et al., 2012). The channel is activated by capsaicin,
temperature (>42°C), protons, and some endogenous molecules
(such as certain endocannabinoids) (Hernandez-Araiza et al.,
2018; Hwang et al., 2000; Morales-Lazaro et al., 2013, 2017).
These agonists activate TRPV1 channels differently (Cao et al.,
2013; Gao et al., 2016; Jordt et al., 2000; Yang et al., 2018;
Yuan, 2019; Zhang et al., 2021). Lines of evidence have revealed
that TRPV1 channels are subject to redox modification (Ogawa
et al.,, 2016; Susankova et al., 2006; Vyklicky et al., 2002). In
TRPV1 redox sensing, cysteine modification is considered the
principal mechanism. It has been reported that the reducing
agent dithiothreitol (DTT) facilitates rat TRPV1 currents induced
by capsaicin and heat, to which extracellular cysteine residues
C616,C621, and C634 of TRPV1 are believed to be involved (Vyk-
licky et al., 2002); however, DTT alone did not produce measur-
able TRPV1 currents. All the above results indicate the complex
nature of redox modification of proteins, including TRPV1 cyste-
ines. Unfortunately, the extracellular cysteine-containing region
in the resolved rTRPV1 structure is missing because of its dy-
namic nature (Cao et al., 2013; Gao et al., 2016). A recently
resolved full-length squirrel TRPV1 structure (sqTRPV1) by Na-
dezhdin et al. (2021), revealed the cysteine-containing region as-
sembles into an extracellular cap domain that is important in
regulating ion conductance. Our experiments using different
plasma-membrane-impermeable oxidative and reducing agents
and molecular docking results suggest that the TRPV1 channel
should be readily modifiable by oxidated PDI. Our main hypothe-
sis is that PDI physically interacts with TRPV1 and either 1) mod-
ulates its activity by facilitating disulfide bond crosslinking within
extracellular cysteines of the TRPV1 channel in a “classic” PDI
enzyme-catalyzed reaction, or 2) forms a binding complex with
TRPV1 by forming disulfide bonds between cysteines in the
active center of PDI and extracellular cysteines of TRPV1. In the
second case, the activation mechanism could share some simi-
larity with the action of spider toxin, DkTx, which activates
TRPV1 by binding to its outer pore region (Cao et al., 2013; Zhang
et al., 2021). However, the fact that the catalytically disabled PDI
mutant lost its ability to activate TRPV1 and that action of WT PDI
is reversed by a reducing agent, TCEP, does suggest that
cysteine oxidation is a key to the PDI effect. Future structural
studies will be required to elucidate the exact molecular mecha-
nism of this effect. Notably, the TRPV1 channel also contains
multiple intracellular cysteine residues, some of which are also re-
ported to be reactive to oxidation (Ogawa et al., 2016). However,
our current study focused on the function of secreted PDI acting
on the extracellular surface of the plasma membrane.

It is noteworthy that our data show that PDI-induced current is
only partially inhibited by a TRPV1 antagonist, which may imply
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that some other ion channels expressed in DRG neurons could
be modulated by PDI. For example, TRPAT1 is also reported to
be sensitive to redox environmental stimuli (Ibarra and Blair,
2013; Sakaguchi and Mori, 2020; Zhao et al., 2020). We assume
TRPV1 may not be the only substrate for PDI modulation in DRG
where multiple TRP channels are present. Further experiments
are needed to clarify this. However, the experiments with
TRPV1-KO mice indicated that TRPV1 is a major contributor to
PDI-mediated heat hyperalgesia.

Limitations of study

In the current study, we reported that PDI secreted from primary
sensory neurons activates the TRPV1 channel and may be rele-
vant to heat hyperalgesia in pathological pain. We demonstrated
that secreted PDI activates the TRPV1 channel by oxidative
modulation of extracellular cysteines of TRPV1. However, the
exact molecular interactions between two proteins and confor-
mational changes within TRPV1 induced by PDI remain to be
elucidated. We believe that future structural studies will shed
light on this intriguing question.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-NF200 Sigma-Aldrich Cat#N0142; RRID: AB_477257
Mouse monoclonal anti-CGRP (4901) Santa Cruz Cat#sc-57053; RRID: AB_2259462
Mouse monoclonal anti-CGRP (4901) Abcam Cat#ab81887; RRID: AB_1658411
1B4 Sigma-Aldrich Cat#L2895; RRID: N/A

Rabbit polyclonal anti-PDI (H-160) Santa Cruz Cat#sc-20132; RRID: AB_653974

Rabbit monoclonal anti-PDI (C81H6)

PE Rabbit monoclonal anti-P4HB (EPR9499)

PE Rabbit monoclonal anti-IgG (EPR25A)

Mouse monoclonal anti-VR1 (E-8)

Mouse monoclonal anti-TRPV1 (BS397) C-terminal
Mouse monoclonal anti-PDI (C-2)

Rabbit polyclonal anti-PDI

Cell Signaling Technology
Abcam

Abcam

Santa Cruz

Abcam

Santa Cruz

Enzo Life Sciences

Cat#3501; RRID: AB_2156433
Cat#ab210594; RRID: N/A
Cat#ab209478; RRID: N/A
Cat#sc-398417; RRID: AB_2827686
Cat#ab203103; RRID: N/A
Cat#sc-74551; RRID: AB_2156462
Cat#ADI-SPA-890-F; RRID: N/A

Rabbit polyclonal anti-GFP Abcam Cat#ab290; RRID: AB_303395
Mouse monoclonal anti-His GenScript Cat#A00186; RRID: AB_914704
Mouse monoclonal anti-P4HB (RL90) Abcam Cat#ab2792; RRID: AB_303304
Mouse monoclonal anti-Tubulin 3 Biolegend Cat#801201; RRID: AB_2313773
Rabbit polyclonal anti- GFAP Servicebio Cat#GB11096; RRID: AB_2904015
Bacterial and virus strains

AAV9-Control Genechem N/A

AAV9-mTRPV1-T2A-EGFP Genechem N/A
AAV9-mTRPV1(C617A/C622A/C635A)-T2A-EGFP Genechem N/A

AAV9-CAG-EGFP Genechem N/A
AAV9-CAG-EGFP-T2A-Cre Genechem N/A

Biological samples

Postmortem human DRGs The Forth Hospital of Shijiazhuang  N/A

Chemicals, peptides, and recombinant proteins

Freund’s Adjuvant, Complete (CFA) Sigma-Aldrich Cat#F5881

Capsaicin Sigma-Aldrich Cat#360376

Capsazepine GlpBio Cat#GC17918

Sodium (2-Sulfonatoethyl) methanethiol sulfonate (MTSES) Toronto Research Chemicals Cat#S672000

5, 5-dithio-bis (2-nitrobenzoic acid) [DTNB] Solarbio Cat#D8350

L-Glutathione reduced (L-GSH) Sigma-Aldrich Cat#G4251

Tris(2-carboxyethyl) phosphine hydrochloride (TCEP-HCI) Sigma-Aldrich Cat#C4706

Dithiothreitol (DTT) Sigma-Aldrich Cat#Vv900830

recombinant proteins hPDI GenScript Biotechnology N/A

recombinant proteins hPDloooo (C53S, C56S and C397S, C400S)  GenScript Biotechnology N/A

Critical commercial assays

PDI ELISA development set

Enzo Life Sciences

Cat#ADI-960-072

Experimental models: Cell lines

HEK293 cells Kunming Cell Bank Cat#KCB2000408YJ
Experimental models: Organisms/strains

Pdi-floxed mice (C57BL/6J & 129Sv) Zhou, et al., 2015 N/A

SNS-Cre mice (C57BL/6) Yang, et al., 2017 N/A

TRPV1-KO mice (B6.129X1-Trpv1t™u/]) The Jackson Laboratory Cat#003770
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

Cre-F: 5'-ATTTGCCTGCATTACCGGTC-3' SBS Genetech N/A
Cre-R: 5'-GCATCACGTTTTCTTTTCGG-3' SBS Genetech N/A
PDI-F: 5'-TCTGGAAAAGGAAGTCCAACCGAGA-3' SBS Genetech N/A
PDI-R: 5’-AAGTCTCCTCAAGGAAGCCAGGGAC-3' SBS Genetech N/A
TRPV1-KO PRIMER1: 5-TGGCTCATATTTGCCTTCAG-3' SBS Genetech N/A
TRPV1-KO PRIMER2: 5'-CAGCCCTAGGAGTTGATGGA-3 SBS Genetech N/A
TRPV1-KO PRIMERS3: 5'-TAAAGCGCATGCTCCAGACT-3' SBS Genetech N/A
Recombinant DNA

His-hPDI Zhou, et al., 2015 N/A
His-hPDloooo Zhou, et al., 2015 N/A
mTRPV1-GFP This paper N/A
mTRPV1-GFP mutation (C617A/C622A/C635A) Takara Biomedical Technology N/A
hTRPV1-IRSE2-EGFP Wei, et al., 2016 N/A
hTRPV1-IRSE2-EGFP mutation (C621A/C635A) Takara Biomedical Technology N/A

Software and algorithms

IBM SPSS Statistics 21.0 IBM Corporation https://www.ibm.com/products/
spss-statistics

OriginPro 2018 OriginLab Corporation https://www.originlab.com/
Clampfit 10.3 Molecular Devices https://www.moleculardevices.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xiaona Du
(duxiaona@hebmu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the Lead contact upon reasonable request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the Lead contact upon reason-
able request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals

PDI-floxed mice (C57BL/6J & 129Sv) were provided by professor Yi Wu (Soochow University, Suzhou, China (Zhou et al., 2015)), and
SNS-Cre mice (C57BL/6) were provided by professor Xu Zhang (Chinese Academy of Sciences, Shanghai, China (Yang et al., 2017)).
SNS-Cre,PDI"™ mice and the littermate control were generated by mating SNS-Cre mice with PDI-floxed mice. TRPV1-KO mice
(B6.129X1-Trpv1™"W/J) were provided by Professor Shilong Yang (Chinese Academy of Sciences, Yunnan, China). Adult male
C57BL/6 mice (6-8 weeks) were bought from Vital River (Beijing, China). Mice were housed at constant temperature and humidity,
under a 12 h: 12 hlight-dark cycle (switches at 8 AM and 8 PM), with ad libitum access to water and food. All animal experiments were
approved by the Animal Care and Ethical Committee of Hebei Medical University (The ethical approval reference number: IACUC-
Hebmu-2020007) and were in accordance with the International Association for the Study of Pain guidelines for animal use.

Human tissue

Human embryonic DRGs were obtained from the Forth Hospital of Shijiazhuang. The study protocols concerning human tissues are
consistent with the principles of the Declaration of Helsinki and were approved by the Clinical Research Ethics Committee of Hebei
Medical University and the Forth Hospital of Shijiazhuang.
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Cells
HEK293 cells were purchased from Kunming Cell Bank (Cat#: KCB2000408YJ) and cultured at 37°C in 5% CO, incubator using
DMEM culturing media containing 10% BSA, 1% penicillin and streptomycin mixture.

METHOD DETAILS

Mouse genotyping

Mouse genomic DNA was extracted from 0.5 cm clipped tail specimen, which lysed in 100 pL NaOH (50 mM), 95°C for 30 min and
neutralized with 30 pL Tris-HCI (1 M, pH = 7.2). Genotyping was performed by PCR with 35 cycles of 95°C for 1 min, 55°C for 50 s, and
72°C for 1 min. The primers for SNS-Cre were 5-ATTTGCCTGCATTACCGGTC-3’ and 5'-GCATCACGTTTTCTTTTCGG-3/, and the
expected product size was about 300 bp. The primers for PDI-floxed were 5-TCTGGAAAAGGAAGTCCAACCGAGA-3’ and
5-AAGTCTCCTCAAGGAAGCCAGGGAC-3’, and the product sizes were 400-500 bp (WT) and 500-600 bp (loxP). The primers for
TRPV1-KO were 5-TGGCTCATATTTGCCTTCAG-3’, 5'-CAGCCCTAGGAGTTGATGGA-3’' and 5'-TAAAGCGCATGCTCCAGACT-
3’, and the product sizes were about 289 bp (WT) and 176 bp (KO). The primers were synthesized by SBS Genetech Co., Ltd (Beijing,
China).

Immunohistochemistry (IHC)

Mouse lumbar DRGs were extracted as described previously (Du et al., 2017) and embedded in Tissue-Tek O.C.T. (Sakura, USA),
frozen at —80°C, overnight. 10 um DRG slices were cut using microtome (Leica, Germany) and fixed in 4% paraformaldehyde
(PFA) for 15 min at room temperature. Sections were washed three times with PBS and permeabilized with 0.1% Triton X-100 for
10 min at room temperature. After blocking DRG slices with blocking buffer (PBS containing 10% donkey serum) for 30-60 min at
room temperature, the sections were incubated with the primary antibodies at 4°C, overnight. On the second day, the sections
were washed three times with PBS and stained with fluorophore-conjugated secondary antibodies for 2 h at room temperature.
The sections were then washed with PBS three times and mounted with an enhanced antifade mounting medium (IH0253-
0321A18, Leagene, Beijing, China). All images were collected on a Leica inverted confocal microscope (Model: SP5, Wetzlar, Ger-
many) with a 20x or 10x dry objective.

Human tissue and treatment

Paraffin-embedded hDRG tissue sections (2 um) were deparaffinized in xylene and rehydrated with graded ethanol. Antigen retrieval
was subsequently performed by autoclaving for 10 min at 121°C in a sodium citrate buffer (pH 6.0). After rinsing with PBS (pH 7.4).
Internal peroxidase was inactivated with 3% hydrogen peroxide in 100% methanol for 20 min at room temperature. Rinsing with PBS
again. After blocking with 10% normal goat serum for 30 min at 37°C, the sections were incubated with primary antibodies overnight
at 4°C. The next day, sections were washed with PBS. The tissue was then exposed to fluorophore-conjugated secondary antibody
for 2 h at 37°C. Immunofluorescence was then examined by laser confocal microscopy.

cDNA constructs and mutagenesis

mTRPV1-GFP plasmid was kindly provided by Professor Hailong An (Hebei University of Technology, Tianjin, China). hnTRPV1 was
kindly provided by Professor Kewei Wang (Qingdao University, Qingdao, China (Wei et al., 2016)). mTRPV1-GFP mutation (C617A/
C622A/C635A) and hTRPV1 mutation (C621A/C635A) were generated by Takara Biomedical Technology Co., Ltd (Beijing, China).

Preparation of recombinant human PDI

The E. coli strain BL21 (DE3) containing cDNA for human PDI (hPDI) in the pTrix-4 Neo vector with an N-terminal histidine tag and the
active sites mutation one named hPDloooo (C53S, C56S and C397S, C400S) were obtained from Professor Yi Wu (Soochow Uni-
versity, Suzhou, China (Zhou et al., 2015)). Recombinant human PDI was generated by GenScript Biotechnology Co., Ltd (Nanjing,
China). Briefly, BL21 (DE3) stored in glycerol was inoculated into LB medium containing ampicillin and cultured at 37°C. When the
ODG600 reached about 1.2, cell culture was induced with IPTG at 37°C for 4 h. Cells were harvested by centrifugation. Cell pellets
were resuspended with lysis buffer followed by sonication. The supernatant after centrifugation was kept for future purification. Pro-
tein was obtained by two-step purification using Ni column and Superdex 200 column (GE Healthcare, USA). Target protein were
dialyzed and sterilized by 0.22 um filter before being stored in aliquots. The concentration was determined by Bradford protein assay
(Thermo Fisher, Shanghai, China) with bovine serum albumin (BSA) as a standard. The protein purity and molecular weight were
determined by standard SDS-PAGE. Reductase activity of the hPDI was determined against Di-E-GSSG (Soochow University, Suz-
hou, China) in PDI assay buffer (0.1 M potassium phosphate buffer, 2 mM EDTA, pH 7.0) by adding PDI (100 nM) to Di-E-GSSG
(150 nM) in the presence of 5 uM DTT (Dithiothreitol). The increase in fluorescence was monitored by microplate reader
(FLUOstar Omega, BMG LABTECH, Germany) at 545 nm, with excitation at 525 nm.

Chronic pain models

To induce chronic neuropathic pain, mice were anesthetized with an i. p. injection of 0.1 mL 1% sodium pentobarbital. The right hind
leg was shaved and cleaned using 75% ethanol. The sciatic nerve was exposed by blunt dissection at the mid-thigh level, proximal to
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the sciatic trifurcation. Three nonabsorbable sterile surgical sutures (4-0 chromic gut) were loosely tied around the sciatic nerve with
approximately 1.0 mm interval between the knots. The skin was sutured, and the animal was transferred to a recovery cage. To
induce chronic inflammatory pain, Complete Freund’s adjuvant (CFA, 25 pul) was injected into the plantar surface of the right hind
paw of the mice.

Behavioral tests

In all tests, animals were habituated to the testing environment for at least 1 h before behavioral testing. In PDI induced pain test, hPDI
(25 pL, 50 uM or 100 uM), hPDloooo (25 pL, 50 uM) or Saline (25 pL) were injected into the right hind paw. After the injections, animals
were returned to the cage and video-recorded for 30 min. Time of licking, biting, and flinching of the injected paw was analyzed by
operator blind to the composition of the drug solution. Mechanical and thermal sensitivity were analyzed using von Frey and Har-
greaves methods, respectively as previously described (Du et al., 2017). In hot plate test, Mice were placed on a hot plate at a certain
temperature of 48°C, 50°C, 52°C, 54°C, 56°C. The response latency was recorded when the mice licking the right hind paw. The cut-
off time was 60 s to prevent scalding. In Tail-Flick test, the lower third of the mouse tail was vertically immerged into a water bath at a
certain temperature of 46°C, 48°C, 50°C, 52°C. The latency was recorded when the tails withdrawed from the water. The cutoff time
was 20 s to prevent scalding.

ELISA assay

DRG tissue were extracted from experimental mice (20-25 g) humanely euthanized by cervical dislocation. Extrated DRG were
rapidly transferred into incubation solution on ice and washed once. The incubation solution containing (in mM): 160 NaCl, 2.5
KCl, 5 CaCl,, 1 MgCl,, 10 HEPES, 8 D-glucose, pH = 7.4). The DRG was then incubated in 500 pL solution for 30 min at room tem-
perature. After incubation, the supernatant was collected after centrifugation gently and stored at 4°C. On the following day, ELISA
process was operated according to the instructions of PDI ELISA development set (ADI-960-072, Enzo Life Sciences, USA).

Preparation of DRG neuron

DRG neurons were dissociated as described previously (Du et al., 2017). Briefly, adult mice (20-25 g) were humanely euthanized by
cervical dislocation. DRG from all spinal levels or L3-L5 levels were removed and treated at 37°C in Hank’s Balanced Salt Solution
supplemented with collagenase (2.5 mg/mL) and dispase (7.5 mg/mL) for about 30 min. Ganglia were then gently washed twice and
resuspended in 3 mL DMEM culturing media containing 10% BSA, 1% penicillin and streptomycin mixture. For patch clamp
recording, this suspension was then plated on glass coverslips coated with 0.5 mg/mL poly-D-lysine, and cultured at 37°C in 5%
COs incubator.

Flow cytometry experiment

Dissociated murine DRG neurons were filtered through nylon sieve, then diluted into 400 pL PBS (cell counts > 1.0x10°) and incu-
bated with PE-conjugated PDI antibody (1:1000) or PE-conjugated IgG (1:1000) for 1 h at room temperature in the dark. Samples
were analyzed by flow cytometry (ACEABIO, NovoCyte, USA). PBS (phosphate buffered saline) contains 137 NaCl, 2.7 KCI, 10
NasHPO3, KH,POz in mM and pH = 7.4.

HEK 293 cell culture and transfection

HEK293 cells were cultured at 37°C in 5% CO, incubator using DMEM culturing media containing 10% BSA, 1% penicillin and strep-
tomycin mixture. Cell grown into about 80% confluence were transfected with the desired DNA constructs using transfection reagent
following the protocol provided by the instructions.

Electrophysiology

For recordings on DRG neurons, perforated (with 0.4 mg/mL amphotericin, Sigma-Aldrich, USA) patch-clamp recordings in current-
or voltage clamp configurations were performed on dissociated DRG neurons with access resistance of 3-5 MQ typically. Currents
were amplified and recorded using an Axon Patch 700B amplifier and pClamp 10.0 software (Axon Instruments, USA), and were
sampled at 5 kHz. Liquid junction potentials were calculated using the pClamp and corrected. Continuous current-clamp with no
current injection was used for monitoring membrane potential. Linear ramps of currents from 0 to 1 nA (1000 ms or 1200 ms duration)
were injected for measuring firing of action potential (AP) firing.

For recordings on HEK293 cells, voltage-clamp recordings were made in the whole cell configuration in gap-free model (holding at
—60 mV, sampled at 1 kHz) and ramp stimulation (from —100 mV to +100 mV, duration 800 ms, interval 20 s, sampled at 1 kHz) on
HEK?2983 transfected with the desired plasmid(s) with access resistance 3-5 MQ.

All recordings were performed at room temperature. The extracellular solution contained (in mM):160 NaCl, 2.5 KCI, 5 CaCls,
1MgCl,, 10 HEPES, and 8 glucose (pH 7.4). The intracellular solution contained (in mM): 150 KCI, 5 MgCl,, 10 HEPES (pH 7.4).

Immunoprecipitation and western blot

Lumbar DRG were extracted and lysed in IP lysis buffer (Thermo, USA). HEK 293 cells co-transfected with mTRPV1-GFP and His-
hPDI were harvested and lysed in IP lysis buffer by sonication. The lysed tissues were centrifuged for 30 min at 12,000 rpm and 4°C,
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the supernatant of the lysate was transferred to a new tube. A/G-Sepharose beads (Santa Cruz, USA) were used to purify the super-
natant which was incubated with bait protein antibody overnight at 4°C; or Ni columns (GE Healthcare, USA) were used to purify the
supernatant directly. The target proteins were boiled in SDS sample buffer at 95°C for 10 min before being subject to SDS-PAGE and
immunoblotting. The western blot was carried out according to the standard protocol.

In vivo overexpression of mTRPV1 and mTRPV1 mutant

Overexpression of the mTRPV1 and the mutant channels into TRPV1-null DRG neurons were achieved by affecting the DRG with
AAV9 virus carrying the channel DNA sequence, and were produced by Genechem Co., Ltd (Shanghai, China). The mouse
TRPV1 DNA sequence was referenced from NCBI (GenBank: NM_001001445). The constructs containing the wild type and mutant
channels with EGFP (mTRPV1-T2A-EGFP, and the mutant mTRPV1(C617A/C622A/C635A)-T2A-EGFP) were constructed and ampli-
fied using PCR, and were cloned into hSyn-MCS-SV40 vector. AAV9-Control (1.27 x 10'® ug/mL), AAV9-mTRPV1-T2A-EGFP
(4.85 x 10'? pg/mL), AAV9-mTRPV1- (C617A/C622A/C635A)-T2A-EGFP (4.27 x 10'? pg/mL) were produced by cotransfecting
the desired pAAV plasmid, pHelper and pAAV-RC into AAV-HEK293 cells. 72 h later, viral particles were collected, concentrated
and purified. The above-mentioned AAV9 virus were injected into the DRG (right L3-L4) of the TRPV1-knockout (TRPV1-KO)
mice. Mice were anaesthetized with 1% pentobarbital sodium and ganglions were exposed surgically. Viral solution was diluted
with equal volume PBS and injected into the exposed DRG at a rate of 0.2 uL/min (2 uL per DRG) with a glass micropipette connected
to a Hamilton syringe controlled by a microsyringe pump controller (78-8130, KD Scientific, USA). The glass micropipette was
removed after 10 min, then the skin was sutured, the animal was transferred to a recovery cage. Mice were used for experiments
4 weeks later.

Molecular docking and interaction analysis

mTRPV1 and hTRPV1 structure used in the molecular simulation was obtained using homology modeling server SWISSMODODEL
based on the structure of rTRPV1 (protein databank, PDB: 3j5p). CHARMM-GUI server was used to construct TRPV system with lipid,
water, and ion. Molecular dynamics simulation software Amber was used to do energy minimization and dynamic equilibrium of
mTRPV1 and hTRPV1 system. Docking server ZDOCK was used to perform molecular docking between constructed mTRPV1
and hTRPV1 (receptor protein) structure and structures of PDI (ligand protein), including oxidized hPDI (PDB: 4el1) or reduced PDI
(PDB: 4ekz).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are given as mean + SEM. Differences between groups were assessed by Student t-test or t’-test (normal distribution data) or
Mann-Whitney U test(data failed normality test). Multiple groups were compared using one-way ANOVA with Student-Newman-
Keuls post hoc test (normal distribution data) or Kruskal-Wallis H test with Nemenyi post hoc test (data failed normality test). Hyper-
algesia data in chronic pain model was analyzed using repeated measures ANOVA. Differences were considered significant at p <
0.05. Statistical analyses were performed using IBM SPSS statistics. In bar charts shown in the figures, number of experiments is
indicated within or above each bar; single, double, and triple asterisks indicate significant difference with p < 0.05, 0.01, or
0.001, respectively.

e5 Cell Reports 39, 110625, April 5, 2022



Cell Reports, Volume 39

Supplemental information

Protein disulfide isomerase
modulation of TRPV1 controls

heat hyperalgesia in chronic pain

Yongxue Zhang, Qi Miao, Sai Shi, Han Hao, Xinmeng Li, Zeyao Pu, Yakun Yang, Hailong
An, Wei Zhang, Youzhen Kong, Xu Pang, Cunyang Gu, Nikita Gamper, Yi Wu, Hailin
Zhang, and Xiaona Du



Supplementary materials

A Hot plate test B Tail-Flick test
NS B SNS-Cre,PDI 184 EESNS-Cre,PDI
50 E=PDI ™ 161 EIPDI ™
NS 14 NS
40
- 0 124
Z 30 % 10
(-] =
% NS % 81 NS
= 20 NS = NS
[ |—| NS 8 '—‘
10 41
2_
0.

48°C  80°C  52°C  54°C  56°C 46°C 48°C 50°C 52°C

(%)
o

1.24 —=—PD|™ il —=— PDI™
—e— SNS-Cre,PDI " 18 —o— SNS-Cre,PDI ™
5 107 O
k=) 16
° 08 §
g B 14
o B
£ 0.6 ‘:r:
S 041 g 129
2
5 024 5 101
E
004 n=86,7 | 84 n=86,7
2 0 2 4 6 8 10 12 14 16 2 0 2 4 6 8 10 12 14 16
Time after surgery of CCI (days) Time after surgery of CCl (days)
E F
—= Sham
CClI Sham mmm CCl
— = 1.7 * * *
PDI| o == —— == == == [-55kDa o 1.6
GAPDH [ | 36 kDa a] 144
5 1.2
@«
PDI 55 kDa LU
— 7th £ o8l
CAPDH [ e we = mm e |36 kDa o o.e
= 0.6
=
PoI|Em s as == oo oo | 5540 8 o4
- 10th 0.2
GAPDH [T S—— — — 36 kDa 0.0
’ Sth 7th 10th (day)

Figure S1. PDI protein is important for heat hyperalgesia of neuropathic pain. Related to Figure
1.

(A and B) Withdrawal latencies to a range of temperature stimuli in hot plate test and tail flick test. No
differences were observed between the PDI"™ mice and the SNS-Cre,PDI™ mice , T test or
Mann-Whitney U test, p > 0.05.

(C) Mechanical thresholds of SNS-Cre,PDI"" mice and PDI"" mice subjected to CCI surgery.
Repeated measures ANOVA, p > 0.05.

(D) Withdrawal latencies of SNS-Cre,PDI"" mice and PDI"" mice subjected to CCI surgery. Repeated
measures ANOVA, # #p < 0.01,student t test or Mann-Whitney U test was used for test difference
between two groups within the corresponding time point, *P < 0.05, **P < 0.01, NS, not significant.
(E) Western blot of PDI protein in the DRG tissue of wild type mice on 5*, 7" and 10" day after CCI
operation.

(F) Summary for E (One sample t test, *p < 0.05). Numbers in bar graphs represent experimental

repetitions. Data are represented as mean + SEM.
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Figure S2. Secretion of PDI in DRG neurons is elevated in inflammatory pain condition. Related
to Figure 1.

(A) Dissociated L3-L5 DRG cells were used for flow cytometry assay (FCM). Phycoerythrin
conjugated PDI antibody was used for labeling PDI on DRG neuron surface, Phycoerythrin conjugated
IgG was used as control. (Ai) Representative tracing of area under the traces (PE-A), which represents
the counts of fluorescent positive cells. (Aii) Summary data of mean fluorescent intensity (MFI), which
represents amount of PDI presents on surface of cells.

(B) Representative tracing (Bi) and summary data (Bii) of PE-A and MFI indicating PDI protein on
surface of DRG cells dissociated from L3-L5 DRGs from mice subjected to CFA injection. L3-L5
DRGs were extracted on the 5" day after CFA injection. CFA treatment induced an increase of PDI on
cell surface.

(C) ELISA assay of secreted PDI in the incubation solution bathing L3-L5 DRGs. Secreted PDI level
was significantly increased in the L3-L5 DRGs of the PDI"" mice (Ci) but not in the SNS-Cre,PDI""
mice (Cii) on the 5" day after CFA injection. aired t test, *p< 0.05, **p< 0.01. Data are represented as
mean + SEM.
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Figure S3. Preparation of recombinant hPDI and hPDIoooo. Related to Figure 2.
(A) Purity of hPDI was tested by SDS-PAGE.
(B) Enzymatic activity of purified hPDI and hPDIoooo was assessed by Di-E-GSSG assay, in which

the content of reductive product EGSH acts as the indicator. .
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Figure S4. PDI increases firing of DRG neuron and depolarizes the cell membrane. Related to
Figure 2.

(Ai and Aii) Exemplary recording of firing of action potential (AP) in DRG neurons. hPDI (100 nM)
but not hPDIoooo (100 nM) increased firing of action potential (AP).

(Bi and Bii) Summary results of numbers of action potential evoked in DRG neurons before and after
application of hPDI or hPDIoooo (Paired t test *p < 0.05).

(Ci and Cii) Summary results of the resting membrane potential of DRG neurons before and after

application of hPDI or hPDIoooo (Paired t test, *p < 0.05). Data are represented as mean + SEM.
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Figure S5. PDI and oxidants activate hTRPV1 through extracellular cysteine residues. Related to
Figure 4.

(A) Topology diagram of human TRPV1 (hTRPV1) with the indicated mutated extracellular cysteines,
C621A, C635A (hTRPVI1-mut).

(B) Mutation of the extracellular cysteines did not affect capsaicin (Cap) —induced activation of
hTRPV1 expressed in HEK293 cells. Exemplary and summarized hTRPV1 and hTRPV1-mut currents
induced by Cap at holding potential of -60 mV were shown. NS, not significant (Student’s t test, p >
0.05).

(C) Mutation of the extracellular cysteines abolished the hPDI-induced activation of h\TRPV 1
expressed in HEK 293 cells. Whole-cell currents of mTRPV1 and mTRPV 1-mut were recorded either
under a constant -60 mV holding potential (inset) or a ramp holding potential from -100 mV to +100
mV (800 ms). The current amplitudes recorded at -60 mV were summarized and analyzed.

(D-F) Exemplary and summarized hTRPV1 currents induced by the oxidants (MTSES, D), (DTNB, E)
and the reductants (L-GSH, Fi), (TCEP, Fii). Mann-Whitney U test, *** p < 0.001. Numbers in bar

graphs represent experimental repetitions. Data are represented as mean + SEM.
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Figure S6. Structural simulation and molecular docking between hTRPV1 and hPDI. Related to
Figure 5.

(A and B) Top view and side view of the interaction between hTRPV1 (cyan) and hPDI (purple).
hTRPV1 structure is simulated based on rTRPV1 (PDB: 3j5p) and hPDI is in oxidation state (PDB:
4ell).

(C and D)Top view and side view of the interaction between hTRPV1 (cyan) and hPDI (yellow) which
in reduced state (PDB : 4ekz).
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