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Chronic pain is a major clinical problem of which the mechanisms
are incompletely understood. Here, we describe the concept
that PI16, a protein of unknown function mainly produced by
fibroblasts, controls neuropathic pain. The spared nerve injury
(SNI) model of neuropathic pain increases PI16 protein levels in
fibroblasts in dorsal root ganglia (DRG) meninges and in the epi/
perineurium of the sciatic nerve. We did not detect PI16 expres-
sion in neurons or glia in spinal cord, DRG, and nerve. Mice de-
ficient in PI16 are protected against neuropathic pain. In vitro,
PI16 promotes transendothelial leukocyte migration. In vivo,
Pi16−/− mice show reduced endothelial barrier permeability,
lower leukocyte infiltration and reduced activation of the endo-
thelial barrier regulator MLCK, and reduced phosphorylation of
its substrate MLC2 in response to SNI. In summary, our findings
support a model in which PI16 promotes neuropathic pain by
mediating a cross-talk between fibroblasts and the endothelial
barrier leading to barrier opening, cellular influx, and increased
pain. Its key role in neuropathic pain and its limited cellular and
tissue distribution makes PI16 an attractive target for pain
management.
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More than one-third of the United States population and
∼1.5 billion people worldwide face chronic pain (1). In the

United States, the costs of chronic pain are an estimated 30%
higher than the combined costs of cancer, heart disorders, and
diabetes (2). Treatment of chronic pain is still a major challenge
and especially in view of the opioid crisis, better understanding of
the cellular and molecular mechanisms underlying chronic pain is
urgently needed.
We showed previously that mice deficient in G protein cou-

pled receptor kinase 2 (GRK2) develop persistent pain in mul-
tiple models (3–6). In this study, in a serendipitous discovery based
on RNA sequencing (RNA-seq) analysis of dorsal root ganglion
gene expression comparing GRK-deficient and wild-type (WT)
mice, we identified peptidase inhibitor 16 (PI16) as a potential
regulator of persistent pain. PI16 is a poorly characterized mem-
ber of the CAP (Cysteine-rich secretory proteins, Antigen 5, and
Pathogenesis-related 1) superfamily of proteins that is highly
conserved across species. PI16 is predicted in the Conserved
Domain Database (https://www.ncbi.nlm.nih.gov/cdd) to have
an extracellular role and to possess protease enzymatic activity
(7). Very little is known about the tissue distribution and function
of PI16. What is known is that PI16 is expressed in cardiac fi-
broblasts, but PI16-deficient mice do not have a cardiac phenotype
(8, 9). There is evidence that PI16 regulates processing of the
chemokine chemerin (9), cutaneous cathepsin K (10), and the
matrix metalloprotease MMP2 (11). There is no previous evi-
dence for a role of PI16 in pain signaling. Here, we demonstrate
that PI16 plays a key role in chronic pain and is expressed in fi-
broblasts in the meninges of the dorsal root ganglia (DRG) and
the perineurium, but not by neurons or glia.

Results
Identification of Pi16 as a Gene Associated with Pain. To identify
regulators of chronic pain, we compared gene expression profiles
between DRG from female WT and Grk2+/− mice at 5 h after
intraplantar PGE2. We selected this model because we showed
earlier that female WT mice recover within hours from PGE2-
induced allodynia, whereas Grk2+/− mice show allodynia for at
least 3 wk (3–5).
Only five differentially expressed genes (Pi16, Gm12250, Iigp1,

Gbp2, Irgm2) were identified (Fig. 1A and SI Appendix, Fig. S1A)
after elimination of genes that differed by genotype in the ab-
sence of PGE2 (SI Appendix, Fig. S2). Of these five genes, we
further pursued Pi16 because it is a gene with unknown function
in pain and is highly conserved in eukaryotes, including a high
degree of homology between mouse and human PI16. Pi16
mRNA expression was decreased in DRG from female WT mice
during recovery from PGE2 allodynia but did not change in DRG
from female Grk2+/− mice who developed persistent allodynia
(Fig. 1B). Time course analysis in a separate group of male WT
mice confirmed that Pi16 mRNA levels decrease during resolution
of PGE2-induced allodynia and return to baseline levels at 48 h
after PGE2 (SI Appendix, Fig. S1B).

Pi16 Knockout Mice Are Protected Against SNI-Induced Pain. Using
the spared nerve injury (SNI) model of chronic neuropathic pain,
we show that male and female Pi16−/− mice were protected
against mechanical allodynia (Fig. 1C). Mechanical sensitivity at
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baseline and in the contralateral paw was not affected by geno-
type (Fig. 1C).
Protection of Pi16−/− mice against neuropathic pain was not

due to changes in the distribution of DRG neurons or spinal cord
dorsal horn neuron staining for NF200, CGRP, or IB4; in mor-
phology and structure of myelinated and unmyelinated fibers in
the sciatic nerve; or in the density of PGP+ intraepidermal nerve
fibers (SI Appendix, Fig. S3).

PI16 Is Detected in Fibroblasts in the Meninges of the DRG and the
Epi/Perineurium. Immunofluorescence analysis shows that under
baseline conditions, PI16 protein is expressed in the meningeal
sheath surrounding the DRG and in the epi/perineurium of the
sciatic nerve, which is continuous with the meninges and surrounds
the nerve fascicles and endoneurial space (12, 13) (Fig. 1 D–F and
SI Appendix, Fig. S4 A and B). PI16 is not detectable in neurons or
glia in the DRG or nerve (Fig. 1 E and F and SI Appendix, Fig. S4
A and B).
At the cellular level, PI16 is present in elongated cells with flat

and wavy nuclei indicative of fibroblasts. Double staining for
PI16 and the fibroblast markers α-SMA (alpha smooth muscle
actin) or P4HB (collagen Prolyl 4-hydroxylase) confirmed ex-
pression of PI16 in fibroblasts (Fig. 2A and SI Appendix, Fig. S5).
We did not detect any PI16 staining in GLUT-1–positive cells in

the inner layer of the perineurium (Fig. 2B). Endothelial cells
can express PI16 (11), but we did not detect PI16 in CD31- or
CLDN1-positive endothelial cells in the DRG (Fig. 2C). How-
ever, PI16-positive fibroblasts were closely associated with en-
dothelial cells (Fig. 2 C, Top). Whole-mount DRG staining also
identified PI16-positive fibroblasts around the CD31+ vascular
network (Fig. 2 C,Middle). PI16 is also expressed in fibroblasts in
the meninges of the spinal cord (SI Appendix, Fig. S6), but not in
spinal cord neurons or glia. PI16 was not detected in fibroblasts
surrounding the central canal (SI Appendix, Fig. S6C).

PI16 Protein Levels in DRG and Sciatic Nerve Are Increased in Models
of Neuropathic Pain. PI16 is mainly expressed as a 108-kDa pro-
tein in murine DRG, nerve (Fig. 3A), and in meninges of brain
and spinal cord (SI Appendix, Fig. S6D). PI16 mRNA and pro-
tein are also expressed in human DRG samples, confirming that
expression of PI16 in DRG is conserved between mouse and
human (Fig. 3B).
SNI significantly increased PI16 protein levels in the ipsilateral

compared to contralateral sciatic nerve and DRG as assessed
at day 8 and day 22 (Fig. 3 C and D). Sham surgery did not affect
PI16 levels (Fig. 3C and SI Appendix, Fig. S6E).
Immunofluorescence analysis showed that in the nerve and

DRG, SNI induced an expansion of PI16-positive fibroblasts and

Fig. 1. Identification of Pi16 as a gene associated with pain and PI16 is localized in the meninges of DRG and the epi/perineurium. (A) Differentially expressed
genes as identified by RNA-seq analysis of lumbar DRGs from female WT (n = 3) and Grk2+/− (n = 3) mice collected 5 h after PGE2 treatment (100 ng per paw).
Fold change is based on counts per million reads adjusted for multiple testing error (false discovery rate < 0.05) (also see SI Appendix, Fig. S1). (B) Expression of
Pi16 mRNA in lumbar DRGs of saline (sal) and PGE2-treated female WT (n = 3) and Grk2+/− (n = 3) mice 5 h after PGE2 treatment as assessed by RNA-seq
analysis. Data represent normalized log counts per million reads. ***P < 0.001; **P < 0.01; ns, not significant; two-way ANOVA followed by Bonferroni
analysis. (C) SNI was performed on male WT (n = 6) and Pi16−/− (n = 4), and, female WT (n = 4) and Pi16−/− (n = 5) mice and mechanical allodynia was assessed
using von Frey hairs in ipsilateral and contralateral hind paw at baseline (bsl) and over time after SNI. Two-way repeated-measures ANOVA: Male mice-time:
P < 0.0001; genotype: P < 0.001; interaction: P < 0.001. Female mice-time: P < 0.0001; genotype: P < 0.001; interaction: P < 0.045. Post hoc Bonferroni analysis:
*P < 0.05, ****P < 0.0001 for Pi16−/− vs. WT ipsilateral. (D) Schematic of DRG and sciatic nerve containing neuronal soma, glia, and blood vessels. The DRG is
enclosed by a meningeal sheath. The epineurium surrounds the entire nerve and is present between the nerve fascicles. The perineurium surrounds the
fascicles and the endoneurium surrounds the axons. Shaded box represents region where images were captured. (E) Representative lumbar DRG section from
naïve WT and Pi16−/− mice stained for the neuronal marker NFH and PI16. (F) Representative sciatic nerve sections from WT and Pi16−/− mice stained for NFH
and PI16. Right-most in E and F: Bright field (BF) image merged with green (NFH), red (PI16), and DAPI (blue). Images in E and F are representative of n = 4
mice per group, and additional examples are shown in SI Appendix, Fig. S4. (Scale bar, 100 μm.)
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an increase in meningeal and epi/perineurial thickness on the
SNI-ipsilateral side (Fig. 4 A–E and SI Appendix, Fig. S7). SNI-
induced fibroblasts were predominantly positive for α-SMA and
P4HB and coexpressed PI16 (Fig. 4 A and C). Sham surgery did
not affect PI16 levels and epi/perineurial thickness when com-
pared to SNI (Fig. 4 A and B). An expansion of PI16-positive
fibroblasts was also observed around the injury site in the nerve
(SI Appendix, Fig. S8). SNI did not induce detectable PI16 in
neurons or glia in the DRG or nerve (Fig. 4 A and D).
After SNI, immune cells infiltrate into the DRG and nerve

and expression of PI16 by a subset of memory T regulatory cells
has been reported (14). However, SNI did not induce Pi16 in
CD45-positive leukocytes in DRG or at the site of nerve injury (SI
Appendix, Fig. S8B). PI16 was also not induced in chondroitin
sulfate proteoglycan (NG2)-positive endoneurial fibroblasts, peri-
cytes, and vasculature associated muscle cells (15, 16) (SI Appendix,

Fig. S8C). SNI did not induce detectable changes in PI16 staining
in the meninges of the spinal cord or in the dorsal horn of the
spinal cord (SI Appendix, Fig. S6 F and G).

PI16 Is Secreted In Vitro by Perineurial Myofibroblasts. The SNI-
induced increase in PI16 was mainly detected in α-SMA–positive
fibroblasts. In vitro, differentiation of primary perineurial fibroblast
into α-SMA–positive myofibroblasts using TGFβ1 increased PI16
protein levels in these cells and in the culture supernatant (Fig. 5 A
and B), indicating PI16 is a secreted protein. As expected for a se-
cretory protein, GFP-tagged PI16 overexpressed in fibroblasts lo-
calized to the endoplasmic reticulum and secretory vesicles (Fig. 5C).

Pi16 Deficiency Reduces the SNI-Induced Infiltration of Leukocyte into
the DRG and Nerve. To get insight into the pathways via which
Pi16 deficency protects against SNI-induced pain, we compared

Fig. 2. PI16 is detected in fibroblasts in the meninges of the DRG and the epi/perineurium. Representative sciatic nerve section from naïve WT mice showing
immunostaining of PI16 (red) with fibroblast markers α-SMA and P4HB (A), perineurial marker GLUT-1 (B), endothelial markers CD31 and CLDN1 (C). (Top)
PI16-positive fibroblasts and endothelial cells are within 1 μm distance (indicated by arrows). (Middle) Staining of whole-mount DRG. Bright field (BF) image
merged with other channels is shown. (Scale bar, 25 μm.) Images are representative of n = 4 for A and n = 3 for B and C mice per group. Additional examples
are shown in SI Appendix, Fig. S5.
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SNI-induced changes in the transcriptome of lumbar DRGs from
WT and Pi16−/− mice by RNA-seq. SNI changed the expression
of 4,074 genes in the DRG in WT mice and only 1,138 genes in
Pi16−/− mice (−2.00 < log2 fold change < 2.00). In line with
previous studies (17), Ingenuity Pathway Analysis (IPA) identified
activation of canonical pathways associated with neurotransmis-
sion and inflammation, including “neuroinflammation signaling,”
“cAMP signaling,” and “complement system” in response to SNI
(SI Appendix, Fig. S9). Pathway activation scores were lower in
Pi16−/− than in WT mice (SI Appendix, Fig. S9). Moreover, the
pathways neuropathic pain signaling in dorsal horn and PKA
signaling pathway were inhibited in Pi16−/− mice, while they were
activated in WT mice. The top 20 up-regulated genes after SNI
included pain-related genes likeGpr151, Atf3,Gal, Cckbr, Nts, and
Sema6a in both WT and Pi16−/− mice with reduced expression in
Pi16−/− compared to WT. TGFβ was among the most prominent
upstream regulators driving changes in gene expression. Overall
proinflammatory cytokine gene expression was reduced in lumbar
DRG of Pi16−/− animals post-SNI as compared to WT-SNI (SI
Appendix, Fig. S10).
Importantly, IPA disease and functions comparison analysis

identified genotype differences in activation of immune cell mi-
gration and cell movement pathways, including leukocyte migra-
tion, inflammatory response, and quantity of cells (Fig. 6A). The
genes driving these differences included macrophage (Itgam,
Csf1r, Ccl9) and B/T cell (Tnfrsf8/CD30, CD72) markers.

Consistently, immunofluorescence analysis showed that after
SNI, Pi16−/− mice had lower numbers of CD45-positive cells in
the lumbar DRG (Fig. 6B) and nerve (SI Appendix, Fig. S11)
than WT mice. The majority of these leukocytes stained positive
for macrophage marker F4/80 (Fig. 6B).
Previous studies have identified two possible targets of PI16

that could contribute to changes in leukocyte migration/infiltration,
i.e., the chemoattractant chemerin via inhibition of proteolytic
activation and MMP2 via modification of its enzymatic activity (9,
11). However, we did not detect any difference in the expression of
precursor and activated chemerin in the lumbar DRGs or in
MMP2 activity as assessed by zymography between WT and
Pi16−/− post-SNI (Fig. 6 C and D).
To identify a potential effect of PI16 on cell migration, we

tested the transendothelial migration of monocytes in the presence
of PI16-conditioned medium in vitro. Monocytes were allowed to
migrate across a monolayer of TNF-α−treated endothelial cells in
response to CXCL12. CXCL12 is a potent chemoattractant that
was increased in the DRG in response to SNI in our RNA-seq
data. PI16 conditioned medium increased monocyte migration
across the endothelial barrier (Fig. 6E). PI16-conditioned medium
did not affect migration in the absence of the endothelial barrier or
in the absence of CXCL12.
Opening of the endothelial barrier is a crucial step allowing

influx of leukocytes into the injured tissue. Our RNA-seq data
revealed lower levels of nonmuscle Mylk, a well-established

Fig. 3. SNI up-regulates PI16 protein levels in DRG and sciatic nerve. (A) Western blot analysis of PI16 in DRG, spinal cord, nerve, and heart tissue from male
WT and Pi16−/− mice. PI16 is mainly expressed as a 108-kDa protein that is not present in samples from Pi16−/− mice confirming antibody specificity. (B, Left)
qRT-PCR analysis of PI16 mRNA in three human DRG samples normalized for GAPDH. (B, Right) Western blot analysis of PI16 protein in a human DRG. (C)
Western blot analysis of PI16 protein expression in contralateral (co) and ipsilateral (ip) sciatic nerve (from male mice) and lumbar DRG (from female mice) at 8
d after SNI or sham surgery. For DRG, representative blot shows PI16 expression in two animals per group. Bar graphs represent means ± SEM of n = 4 mice per
group for sciatic nerve (ANOVA test, **P < 0.01; ns, not significant) and n = 6 mice per group for DRG (Student’s t test, ***P < 0.001). (D) Western blot analysis of
PI16 protein expression in sciatic nerve and lumbar DRG at 22 d (from n = 6 male mice per group) after SNI surgery (Student’s t test, ***P < 0.001, **P < 0.01).
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regulator of the endothelial barrier, in DRGs from Pi16−/− mice
post-SNI (Fig. 6F). Mylk encodes myosin light chain kinase
(MLCK) and MLCK-mediated phosphorylation of myosin light
chain-2 (MLC-2) promotes endothelial barrier permeability (18).
Notably, experiments in a separate group of mice showed that
Pi16−/− mice were protected against the SNI-induced increase in
pMLC2 in ipsilateral DRGs and sciatic nerve (Fig. 6 G and I).
MLC-2 is expressed by CD31-positive endothelial cells in close
proximity to PI16 containing fibroblasts (Fig. 6H).
To determine whether the reduced levels of pMLC2 in Pi16−/−

mice were associated with reduced endothelial permeability after
SNI, we injected the fluorescent tracer sodium fluorescein (NaFlu)
intravenously. NaFlu accumulation was significantly lower in sciatic
nerve of Pi16−/− mice than in WT mice (Fig. 6J), indicating that
PI16 contributes to the SNI-induced increase in endothelial barrier
permeability.

Discussion
Our findings provide evidence for a key role of the putative
protease inhibitor PI16 in pain. We show that Pi16−/− mice are
protected against mechanical allodynia in the SNI model of chronic
neuropathic pain. We show that SNI increases expression of PI16
in DRG and sciatic nerve. Notably, at baseline or after SNI, PI16 is
not detectable in neurons, glia, leukocytes, or endothelial cells, but
only in meningeal and epi/perineurial fibroblasts. In vitro, PI16
enhances transendothelial migration of monocytes. In vivo, Pi16−/−

mice are protected against the SNI-induced increase in endothelial
permeability and against the increase in leukocyte infiltration into
the DRG and nerve. We propose that PI16 secretion by fibroblasts
in DRG meninges and epi/perineurium represents a crucial per-
missive signal for establishment of chronic pain through promot-
ing vascular permeability and leukocyte infiltration via a pathway
involving increased MLCK-dependent phosphorylation of the

Fig. 4. SNI-induced increase in fibroblast Pi16 levels. (A) Representative images showing PI16 (red) and P4HB (green) staining in contralateral (contra) and ipsilateral
(ipsi) sciatic nerve after SNI and sham surgery. Note PI16 in P4HB-positive fibroblasts (arrowheads). Note expansion of P4HB positive fibroblasts in the epi/perineurium
coexpressing PI16 specifically in the SNI-ipsilateral nerve. (B) Quantitation of epi/perineurium thickness (double headed arrows inA and C) and PI16mean intensity in
contralateral (co) and ipsilateral (ip) side after Sham and SNI surgery is shown. One way-ANOVA test: ***P < 0.001; ns, not significant. n = 4–9 male mice per group.
(C) Representative image showing PI16 (red) in α-SMA (green) positive fibroblast in sciatic nerve after SNI. Note expansion of α-SMA–positive fibroblasts coexpressing
PI16 in the ipsilateral nerve. BF (bright field) image merged with PI16, α-SMA, and DAPI (blue) is shown. (D) Representative image of PI16 (red) and GLUT-1 (green)
staining in lumbar DRG contralateral (contra) and ipsilateral (ipsi) to SNI surgery. BF image merged with PI16 and GLUT-1 is shown. The zoom images show a
magnified view of the area outlined by the square. Perineurial GLUT-1 (green) staining marks the border of DRG, and the dotted white line marks the edge of the
meningeal sheath. Note the PI16 staining in the meningeal sheath and increased PI16 outside GLUT-1 (double headed arrow) in the meninges of ipsilateral DRGs. (E)
Quantitation of meningeal thickness (double headed arrows in D) in lumbar DRG after SNI. Meningeal sheath outside GLUT-1 (which labels inner layer of the
perineurium) was measured. t test: *P < 0.05. Immunofluorescence data are representative of n = 3 mice for contralateral and n = 5 for ipsilateral. (Scale bar, 25 μm.)
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endothelial barrier regulator MLC2 (SI Appendix, Fig. S12). Our
finding that PI16, a protein that is not detectable in neurons and
glia, plays a key role in neuropathic pain adds to the growing
awareness that nonneuronal cell types are actively involved in
chronic pain. In this respect, we see PI16 as an interesting po-
tentially druggable target for chronic pain considering its expres-
sion is restricted to very few organs (heart, bladder, mammary, fat)
(https://tabula-muris.ds.czbiohub.org/) and, crucially, genetic de-
letion of Pi16 does not affect cardiac function (9), although PI16 is
expressed at a high level in the heart.
Until now, PI16 had not been associated with DRGs, epi/

perineurium, pain, or nerve injury, and its in vivo function remained
elusive. We identified Pi16 as a potential regulator of pain in an
unbiased RNA screen comparing DRG samples from Grk2+/−

mice who develop persistent pain and WT mice who develop
transient pain in response to local inflammation in the paw.
Mouse PI16 was first identified in a cardiac cDNA library and is a
glycosylated protein with expression in intercellular spaces,
secretory vesicles, and a predicted role in the extracellular matrix
(8). PI16 is up-regulated in a mouse model of heart failure in-
dicating a role of PI16 in cardiac hypertrophy (8, 9). However,
genetic deletion of Pi16 conferred no phenotype at the level of
cardiac structure or function (9). Here, we provide evidence for an
in vivo function of PI16 as an important regulator of neuro-
pathic pain. Mice with global Pi16 deletion are protected against
neuropathic pain in the SNI model (Fig. 1). The protection against
SNI-induced neuropathic pain in Pi16−/− mice was observed in
both sexes and is not a result of gross developmental structural
abnormalities in DRG or nerve (Fig. 1 and SI Appendix, Fig. S3).

More studies are needed to determine whether the role of PI16 in
pain generalizes to other models of pain, such as chemotherapy-
induced neuropathic pain and inflammatory pain.
Along the pain neuroaxis, PI16 is mainly produced by fibro-

blasts in the meninges and in the perineurium. Consistently, mouse
single-cell RNA-seq data barely detected Pi16 mRNA in 23 of 622
DRG neurons (19). We show that SNI induces expansion of pre-
dominantly α-SMA–positive fibroblasts expressing PI16 in the
meninges and epi/perineurium as well as at the injury site (Figs. 2–
4). Notably, SNI did not induce PI16 in neuronal, glial, and en-
dothelial cells, or in endoneurial fibroblasts and infiltrating leu-
kocytes in DRG and nerve. In addition, PI16 protein was not
detectable in the spinal cord at baseline or after SNI. Moreover,
although PI16 was detected in fibroblasts in the meninges of the
spinal cord at baseline, we did not observe changes in distribution
and expression upon SNI (SI Appendix, Fig. S6). PI16 can be se-
creted and, therefore, we propose it may act as a paracrine factor
on anatomically closely positioned endothelial cells in the DRG
(Figs. 2 and 5) and nerve. We show that SNI induces expansion of
fibroblasts expressing the myofibroblast marker α-SMA in the
meninges that is associated with an increase in PI16 expression as
seen by Western blots and immunostaining (Figs. 3–5). It remains
to be determined whether the increase in PI16 we detect in
Western blots can be fully explained by the expansion of PI16+

cells or is also due to increased production on a per cell basis. We
do know that in vitro differentiation of fibroblasts into myofibro-
blasts in response to TGFβ1 increased both production and se-
cretion of PI16 (Fig. 5). Komuta et al. (20) showed TGF-β1
receptor increases in the meninges following brain injury, and

Fig. 5. Pi16 is secreted by myofibroblasts in vitro. (A) Mouse fibroblasts (postnatal day 8) cultured from sciatic nerve were serum starved for 24 h and treated
with TGF-β1 (5 ng/mL) for 48 h or 96 h followed by Western blot analysis of total cell lysate or TCA precipitated culture supernatant. Representative Western
blots are shown from three independent culture experiments. α-SMA was used as a myofibroblast marker and α-Tubulin was loading control. (B) Quantifi-
cation of PI16 and α-SMA for B. Bar graph depicts means ± SEM of at least three independent experiments. *P < 0.05; **P < 0.01 (analyzed using t test). (C)
Live imaging of mouse fibroblasts (L cells) transfected with mTurquoise2 (endoplasmic reticulum marker, ER-turq) and PI16 tagged with turbo-GFP (data
represent images from 10 cells, three independent experiments). Raw black and white images are shown in Lower. Note PI16 staining in endoplasmic re-
ticulum vesicles and tubules (arrowhead) in the magnified view in the white box. (Scale bar, 25 μm.)
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Fig. 6. Pi16 deficiency prevents the SNI-induced infiltration of leukocyte into the DRG and nerve. (A) IPA-based top 10 disease biological functions different
in lumbar DRG from female WT and Pi16−/− mice post-SNI (day 9; n = 3 per group). IPA core analysis was performed between WT (WT-Sham and WT-SNI) and
Pi16−/− groups (Pi16−/− Sham and Pi16−/− SNI) followed by comparison of the two core analyses. Black bars show change between WT-Sham and WT-SNI. Red
bars show change between Pi16-Sham and Pi16-SNI. y axis denotes −log (P value). (−0.5 < log2 fold change < 0.5), P < 0.05. (B) Representative image of lumbar
DRG ipsilateral to SNI showing immunostaining of leukocyte marker CD45 (green) and DAPI (blue) in female WT and Pi16−/− (n = 4) mice on SNI day 5 (Upper).
The zoom panel shows a magnified view of the white box, and the bar graph shows quantitation data for CD45 staining from n = 4 mice per group. The cells
were counted using Leica LAS software. t test: *P < 0.05. (Lower) Shows staining of CD45 (green), macrophage marker F4/80 (red), and DAPI (blue). (C)
Western blot analysis of chemerin protein in naïve lumbar DRG and sciatic nerve of WT and Pi16−/− male mice (Upper) and in DRG from ipsilateral side after SNI in
WT and Pi16−/− male mice (Lower). (D) Gelatin zymography for MMP-2 activity in the lumbar DRG of SNI WT and Pi16−/− mice. Bar graph shows quantitation data
from n = 3 male mice per group. t test: ns, not significant. (E) Effect of conditioned medium of PI16-overexpressing fibroblasts on monocyte migration across a
TNF-α–activated endothelial cell monolayer in response to CXCL12 in the lower chamber either in control or PI16 conditioned medium (CM). Number of
monocytes that migrated to the lower chamber are plotted; relative to those of HUVEC (+) without activation (-TNF-α) and without chemoattractant (-CXCL12),
n = 3 samples per group; *P < 0.05, two-way ANOVA, Tukey’s multiple comparisons test. ns, not significant. (F) Real-time PCR analysis of Mylk expression in lumbar
DRGs of female WT and Pi16−/− mice. n = 3 per group. **P < 0.01 (analyzed using t test). (G, Upper Left) Western blot analysis of pMLC2 expression in ipsilateral
lumbar DRGs after SNI. Blot showspMLC2 levels in two separatemaleWT and Pi16−/−mice, and bar graph shows quantitation data (n = 5malemice per group). (G,
Lower Right) Western blot analysis of pMLC2 level in sciatic nerve after SNI from contralateral (co) and ipsilateral (ip) side inWT and Pi16−/−mice. β-Actin was used
as a loading control. Bar graph represents mean fluorescent intensity for pMLC2 as determined from 3 female mice per group. t test: *P < 0.05. (H) Representative
images showing immunostaining of pMLC2 (red), DAPI (blue), and CD31 (green) in sciatic nerve longitudinal section in WT naïve mice (n = 3). (I) Representative
images showing immunostaining of pMLC2 (red) and DAPI (blue) in sciatic nerve longitudinal section from ipsilateral and contralateral side after SNI (day 5 after
SNI; n = 3 female mice). Bar graph represents mean fluorescence intensity for pMLC2. t test: *P < 0.05. (J) Representative fluorescent image of NaFlu extravasation
in sciatic nerve cross-section. Male WT and Pi16−/− mice received 40 mg/kg NaFlu intravenously, and nerves were harvested 1 h later. Bar graph represents mean
fluorescent intensity for NaFlu in the sciatic nerve (circle with dotted line) as determined from 3 mice per group. t test: *P < 0.05. (Scale bar, 25 μm.)

Singhmar et al. PNAS | March 10, 2020 | vol. 117 | no. 10 | 5469

M
ED

IC
A
L
SC

IE
N
CE

S



TGF-β1 is involved in activating meningeal fibroblasts. Moreover,
we found TGF-β1 mRNA was the primary transcriptional regu-
lator driving changes in gene expression in response to SNI in our
RNA-seq data, and this could be how PI16 is up-regulated as a
result of SNI. Notably, PI16-positive fibroblasts remain restricted
at the DRG borders in the meninges after SNI and did not invade
the neuronal parenchyma of the DRG, making it unlikely that
PI16 directly targets nociceptors. Collectively, our data indicate
that meningeal fibroblasts are the main source of the PI16 that
regulates SNI-induced pain. However, PI16 is expressed in mes-
enchymal stem cells in muscle and in some other tissues including
heart, bladder, gat, and mammary gland (https://tabula-muris.ds.
czbiohub.org/). Therefore, we cannot fully exclude a contribution
of PI16 produced by other cells or tissues to pain.
A combination of transcriptomic, immunofluorescence, and

cell culture studies employed here revealed that PI16 promotes
migration of immune cells across the endothelial barrier. In vivo,
deficiency of Pi16 caused reduced infiltration of leukocytes in
DRG as tested on day 5 after SNI (Fig. 6) and Pi16−/− mice were
protected against SNI-induced pain (Fig. 1). Conversely, in vitro
PI16-conditioned medium promotes migration of immune cells
in a transendothelial migration assay (Fig. 6). RNA-seq analysis
of lumbar DRGs from SNI-treated mice revealed multiple cel-
lular infiltration and migration pathways were down-regulated in
Pi16−/− mice (Fig. 6). Genes involved in these functional networks
were mostly cytokines (e.g., Crh, Csf1, Cxcl4, Ccl9, Timp1, Il1rn,
Ccl2, Spp1, Il6); growth factors (e.g., Fgf3, Grp, Igf1, Angpt1, Nog);
GPCRs (Mc4r, Gpr34, Cysltr1, Ccr5, Ccr2, Ccr1, Cx3cr1, C3ar1);
extracellular proteins (e.g., serpine1, Lgals3, Tnc, Coch, Lgalgs1,
Olfm4, Igfbp3, Cfh); signaling kinases (e.g., Camk1, Pik3cg, Mylk,
Cdkn1a, Egfr, Csfr1, Ddr2, Tgfbr1); and transmembrane receptors
(e.g., Tnfrsf8, Msr1, Fcer1g, Tlr7, Plaur, Il17ra, Il1r1, Cd72, Lilrb3,
Cr2, Trem2, Igam, Cxadr, Unc5b). A representation of genes from
different protein families reflects a multilevel impact of reduced
cellular infiltration caused by Pi16 deficiency. It remains to be
determined which of these occur downstream of changes in leu-
kocyte infiltration in Pi16−/− mice.
How does PI16 influence the migration of leukocytes into the

DRG? PI16-dependent regulation of chemerin and MMP2 has
been proposed, and these proteins can regulate leukocyte mi-
gration and infiltration (9, 11). However, we did not detect changes
in the level of processed chemerin or MMP2 when comparing
samples fromWT and Pi16−/−mice under naïve conditions or after
SNI (Fig. 6). An increase in the permeability of the blood–nerve
barrier following nerve injury has been shown to drive neuropathic
pain by facilitating extravasation of immune cells into the nerve
(21). Our RNA-seq data following SNI indicated an interaction
between PI16 and the kinase MLCK. MLCK and its substrate
MLC2 maintain integrity of endothelial barrier, and their function
has been highlighted in diseased models of lung injury, pancreatitis,
and atherosclerosis (18, 22–25). In response to SNI, Pi16−/− mice
have reduced Mlck expression and lower levels of phospho-MLC2
in DRG and sciatic nerve and reduced cellular infiltration as well
as vascular permeability as measured using sodium fluores-
cence levels in the nerve. The specific mechanism how PI16
modulates the MLCK/MLC-2 pathway in endothelial cells re-
mains to be established.
Taken together, our findings support a model in which nerve

injury enhances production of PI16 by meningeal and epi/peri-
neurial fibroblasts, which promotes SNI-induced neuropathic
pain by increasing the permeability of the endothelial barrier and
facilitating immune cell infiltration into DRG and nerve (SI
Appendix, Fig. S12). We also propose that PI16-mediated control
of MLCK-dependent phosphorylation of MLC-2 contributes to the
increased permeability of the endothelial barrier in neuropathic
pain. In view of the limited cellular and organ distribution of PI16,
we propose that PI16 represents an attractive potential target for
pain management that is unlikely to have abuse liability.

Materials and Methods
Animals.We used male and female B6:129S mice homozygous for global Pi16
deletion (Modified Medical Research Council (MMRC) stock no. 032520-UCD)
and their WT control littermates at an age of 8–12 wk. All procedures followed
the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and
are in accordance with NIH Guidelines for the Care and Use of Laboratory Ani-
mals (26) and the Ethical Issues of the International Association for the Study of
Pain (27). Assays were performed by investigators blinded to treatment. SNI
surgery was performed as described previously (28, 29). Mechanical allodynia
was measured as the hind paw withdrawal response to von Frey hair
stimulation (30).

Cell Culture and Reagents.Mouse perineurial fibroblasts (M1710-57, ScienCell
Research Laboratories) were cultured in complete fibroblast medium
(ScienCell Research Laboratories catalog no. 2301) per the manufacturer’s in-
structions and treated with 5 ng/mL TGF-β1 (7666-MB, R&D Systems) for
differentiation of fibroblasts to myofibroblasts. Human umbilical vein
endothelial cells (HUVEC) cells (PromoCell C-12203) were cultured in En-
dothelial Cell Growth medium (PromoCell C-22210) supplemented with
Supplmix (C-39215). L cells (American Type Culture Collection CRL-2648)
were cultured in high glucose Dulbecco’s modified Eagle medium (GE
Healthcare) plus 10% fetal bovine serum (Gibco).

RNA Extraction, Library Preparation for Sequencing, and RNA-Seq Data
Analyses. Transcriptional changes in the lumbar DRGs were investigated
using whole-genome RNA sequencing by the RNA Sequencing Core Lab at
MD Anderson Cancer Center. RNA-seq was performed on triplicate samples,
and the RNA integrity number for all samples was >7. The sample libraries
were generated using the Stranded mRNA-Seq kit (Kapa Biosystems) fol-
lowing the manufacturer’s guidelines. A 75-nt paired-end run format was
performed using a HiSeq 4000 Sequencer as previously described (31).

Immunofluorescence and Microscopy. Tissues were collected from mice per-
fused with phosphate buffered saline (PBS) followed by 4%paraformaldehyde
(PFA). Spinal cord meninges were gently peeled with forceps from the verte-
brae in a single layer. Sections were stained with: PI16 (1:75, R&D Systems
AF4929), GLUT1 (1:250, Abcam ab652), α-SMA (1:100, Abcam ab5694), P4HB
(1:250, Abcam ab137110), IBA1 (1:300, Wako 019-19741), NFH (1:200, Millipore
AB1989), CGRP (1:200, Abcam ab36001), IB4 (1:100, Vector Labs B-1205), CD31
(1:50, Abcam Ab28364), CLDN1 (1:250, Abcam ab15098), Collagen IV (1:100,
Southern Biotech 1340-01), PGP9.5 (1:500, Abcam ab108986), P4HB (Abcam
ab137110), CD45 (1:50, BD Biosciences 550539), pMLC2 (1:200, Cell Signaling
3675S). Sections were visualized using a Leica SPE DMI 4000B confocal
microscope or EVOS fluorescence microscope.

Sodium Fluorescein Permeability Assay. The permeability of vascular endo-
thelium in nerve was assayed by extravasation of the fluorescent dye sodium
fluorescein (Sigma Aldrich) (21). Cross-sections of the nerve were quantified
by EVOS fluorescence microscope, and the mean intensity of fluorescence
and the percent area positive were calculated using NIH ImageJ software.

Transwell Assay. Transwell inserts (Corning 6.5-mmdiameter insert, 5-μmpore
size, PET membrane, 24-well plate) were coated with collagen I and fibro-
nectin. HUVEC cells (2.0 × 104) were seeded in the inserts. In parallel, L cells
were transfected with Pi16-tGFP and PI16 conditioned medium was pre-
pared. On the day of assay, HUVEC cells were activated with 500 units/mL of
TNFα either in control or PI16-conditioned medium following by addition of
1 × 105 THP-1 monocytes (prior treated with 300 nM phorbol 12-myristate 13-
acetate (PMA) for 48 h) to the top chamber. Human CXCL12 (SDF-1α, 300–28A,
50 ng/mL) either in control or PI16-conditioned medium was added to the
bottom chamber. Cells were allowed to migrate for 5 h. Inserts were washed
with PBS followed by fixation with 4% PFA and staining with 0.2% crystal vi-
olet. Cells on the top of the insert were removed using a cotton swab and only
cells which migrated across the membrane were counted under a microscope.

Real-Time Quantitative PCR. RT-PCR was performed using primers for Hu-
man PI16 (Hs.PT.58.39664750) and Mouse Pi16 (Mm.PT.58.8467939 and
Mm.PT.58.22010817) from Integrated DNA Technologies. Deidentified hu-
man DRGs used for RT-PCR were collected from patient donors at MD
Anderson Cancer Center who had provided legal written consent. The pro-
tocol was reviewed and approved by the MD Anderson Cancer Center In-
stitutional Review Board, and the donors were undergoing spinal surgery for
disease treatment wherein a spinal nerve root was sacrificed as the standard
of care.
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Statistics. Data are expressed as mean ± SEM. Data were analyzed using
GraphPad Prism 6. Statistical analyses were carried out using t test (for
Western blots, RT-PCR, and immunostaining data), two-way ANOVA with
repeated measure followed by Bonferroni analysis (for von Frey behavior
data), and two-way ANOVA followed by Tukey’s analysis (for transwell mi-
gration assay). A P value less than 0.05 was considered significant. All animal
experiments were repeated at least once with similar results. In addition, at
least two independent technical replicates were performed for IHC where
different sections of the same tissue were stained and observed/imaged to
check for consistency. We performed biochemical analysis (Western blots,
IHC) in mixed groups of males and females unless specified otherwise in the
legend. We did not detect major differences but were not powered to fully
assess potential sex differences in magnitudes of effects.

Data Availability. RNA-seq data reported in this paper have been deposited in
Zenodo repository (https://zenodo.org/record/3473295). Pi16−/− mice embryos
are available at MMRC (stock no. 032520-UCD). A detailed description of
methods is provided in SI Appendix. Access to additional raw data and pro-
tocols used in this work can be requested by contacting the corresponding
author.
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