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Abstract \
Correct communication between immune cells and peripheral neurons is crucial for the protection of our bodies. Its breakdown is
observed in many common, often painful conditions, including arthritis, neuropathies, and inflammatory bowel or bladder disease.
Here, we have characterised the immune response in a mouse model of neuropathic pain using flow cytometry and cell-type-
specific RNA sequencing (RNA-seq). We found few striking sex differences, but a very persistent inflammatory response, with
increased numbers of monocytes and macrophages up to 3 1/2 months after the initial injury. This raises the question of whether the
commonly used categorisation of pain into “inflammatory” and “neuropathic” is one that is mechanistically appropriate. Finally, we
collated our data with other published RNA-seq data sets on neurons, macrophages, and Schwann cells in naive and nerve injury
states. The result is a practical web-based tool for the transcriptional data mining of peripheral neuroimmune interactions. http://rna-

seg-browser.herokuapp.com/
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1. Introduction

The immune and peripheral nervous systems are closely entwined.
A complex network of sensory and sympathetic fibres innervates
our organs and engages in bidirectional communication with a host
of tissue resident immune cells, including macrophages, dendritic
cells, and T lymphocytes. A disruption in this neuroimmune
connection contributes to many common debilitating conditions,
including chronic pain, which is estimated to affect nearly 1 in 5
people in the general European population.® Pain in its acute form
is a natural consequence and cardinal sign of inflammation.** By
contrast, chronic pain can become uncoupled from underlying
disease, causing independent nervous system dysfunction, which
requires bespoke treatment approaches. In recognition of this,
chronic pain syndromes have just been added to the World Health
Organization’s International Classification of Diseases (ICD-11).%°

A primary driver for the uncoupling between pain and acute
inflammation is believed to be release of proalgesic mediators from
nonneuronal cell types. This process, known as peripheral sensiti-
sation, causes sensory neurons to become spontaneously active and
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hypersensitive to normally innocuous stimuli.3”*°%® Many different
cell types have been implicated in peripheral sensitisation, including
immune cells, sateliite glial cells, and Schwann cells.*'*%° Already 2
decades ago, for example, both neutrophils and macrophages were
reported to be causally involved in hyperalgesia—an exaggerated
pain sensation in response to a noxious stimulus.*>*” Nevertheless,
the details of this connection remain vague, with agreement in the
preclinical literature largely limited to the one main finding that
interfering with various subtypes of myeloid cell will alter evoked pain
behaviour in various animal models of persistent pain.®'6:3146
Mechanistically, this has been ascribed to different mediators
putatively released from macrophages and neutrophils, chiefly
among them tumor necrosis factor, interleukin 1 beta, interleukin 6,
and nerve growth factor.*%6:°

The current lack of precision is hardly surprising when we
consider the incredible cellular and functional complexity of our
bodies’ inflammatory process.’ Each tissue mounts its own
distinct local inflammatory responses that, at their peak, are
usually accompanied by systemic endocrine effects resulting in
diverse symptoms including fever and fatigue. The correct
interplay of these responses is essential for efficient immunity
and tissue healing, as is a very tightly controlled resolution
process—which again relies on several active, parallel intercel-
lular and intracellular mechanisms.?*3

Here, we aim to provide a more detailed view of immune cell
responses in a persistent pain state. We used partial sciatic nerve
ligation (PSNL) as a model of traumatic neuropathic pain and
performed flow cytometry analysis and fluorescence-activated
cell sorting on male and female mice over a 3 1/2-month time
course. RNA-seq was performed at 1 and 10 weeks after nerve
injury on immune cell subpopulations (Fig. 1A) extracted from
sciatic nerve and the ganglia in which its cell bodies are located:
lumbar L3-L5 dorsal root ganglia (DRG). Our results were
integrated with other publicly available data of relevant cell types

www. painjournalonline.com 2089

Copyright © 2020 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.


http://rna-seq-browser.herokuapp.com/
http://rna-seq-browser.herokuapp.com/
mailto:franziska.denk@kcl.ac.uk
http://www.painjournalonline.com
http://dx.doi.org/10.1097/j.pain.0000000000001914
www.painjournalonline.com

2090 Z. Liangetal. e 161 (2020) 2089-2106

PAIN®

Leukocytes (CD45%)
L PN
y : N\
Myeloid (CD11b*) Lymphoid (CD11b")

@ | & @ @
Infiltrating P Resident \70 ":} Neutrophils B cells T Cells
Monocytes Macrophages e (Ly6G+) (CD19%) (B-TCR*)
(LyGC+) (MHC”', LyGC')

Resident Infiltrating
Antigen Presenting Antigen Presenting
Cells Cells
(MHCII+) (MHCII, Ly6C+)

k) . o rrkk
2 150007 — =3 25000 ' 6000
c
7 20000
+ 4 4000
i 10000 15000
8 %

10000
o 5000 2000 ——
2 {‘ % 5000 . =+
g oE & = 0— === 0
o
= . > o * * 14 weeks

& & o &
N
&£ Contralateral &R Ipsilateral

Figure 1. Partial sciatic nerve ligation induces a long-lasting increase in total CD45™ immune cell counts in sciatic nerve. (A) Schematic of the markers used to
differentiate lymphoid and myeloid immune cell populations in flow cytometry and FACS experiments. (B-D) Plotted are the total number of live CD45+ singlets
isolated from sciatic nerve after partial sciatic nerve ligation at different time points. Results were obtained as part of 3 separate experimental batches (B-D). In
(B) and (C), n = 12 mice per time point (6 males in blue and 6 females in orange) were processed, whereas in (D), n = 23 mice (11 males & 12 females) were

processed, shown here as separate data points with mean = SEM.

to generate a plug-and-play, user-friendly website for interrogat-
ing peripheral neuroimmune interactions at transcriptional level.

2. Methods

2.1. Animals

Male and female C57BL/6 J mice were purchased from Envigo
Ltd, London, United Kingdom at 5 to 6 weeks of age and
acclimatised to the animal unit for one week before surgeries. They
were housed in standard individually ventilated cages (Tecniplast,
London, United Kingdom) in groups of 5 maximum at a 12-hour
light-dark cycle, with ad lib access to food and water. All
experiments described were conducted in accordance with the
United Kingdom Home Office Legislation (Scientific Procedures
Act, 1986) and were approved by the Home Office to be conducted
at King’s College London under project license number
P57A189DF. None of our experiments required pooling of animals,
so n refers to tissue or cells obtained from individual mice.

2.2. Surgeries

Mice underwent PSNL surgery, using a paradigm originally
developed in the rat.®® Briefly, animals were anesthetised under
isoflurane (Henry Schein, Melville, NY, Cat# 988-3245) and
administered 0.05 mg/kg of the analgesic buprenorphine sub-
cutaneously. After shaving the fur covering the left hip and leg

region, the sciatic nerve was exposed through blunt dissection
and roughly half was tightly ligated with a 5.0 suture (Ethicon,
Cincinnati, OH, Cat# W9982). The wound was stapled shut, and
mice were transferred to a clean cage and left to recover in the
animal unit. Animals were weighed and monitored regularly (at
least triweekly) after surgery.

2.3. Processing of sciatic nerve and dorsal root ganglia

Mice were administered an intraperitoneal overdose of pento-
barbital (Euthatal; Merial, Duluth, GA, Lot# P02601A) and
perfused with 10 mL of 1 X phosphate buffered saline (PBS) to
avoid peripheral blood contamination. The ligated sciatic nerve
was exposed (Supplementary Figure 1, available at http://links.
Iww.com/PAIN/B19) and followed up towards the spinal cord to
identify and dissect out L3-L5 DRG into F12 (Gibco, New York,
NY, Cat# 21765-029). The nerve itself was also placed into a Petri
dish containing F12 and cut to 0.5 cm, ensuring equal lengths of
nerve either side of the ligature. If still present, the ligature itself
was removed with tweezers. This process was repeated for the
uninjured contralateral side, with pains being taken to ensure
harvesting from a similar segment of nerve (again 0.5 cm in
length). Tissues were kept in F12 on ice until all animals in a given
batch were processed and then transferred into wells of a
standard polymerase chain reaction (PCR) plate (Starlab, Milton
Keynes, United Kingdom, Cat # E1403-0100) containing 50 L of
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digestion mix: F12 with 6.25 mg/mL collagenase type IA (Sigma
Aldrich, Poole, United Kingdom, Cat# C9891), 0.4% wt/vol
hyaluronidase (ABNOVA, Slough, United Kingdom, Cat#
P52330), and 0.2% wt/vol pronase (Millipore, Watford, United
Kingdom, Cat# 53702) for nerve; F12 with 3 mg/mL dispase ||
(Sigma Aldrich, Cat# 04942078001), 12.5 mg/mL collagenase
type IA (Sigma Aldrich, Cat# C9891), and 10 mg/mL DNase |
(Sigma Aldrich, Cat# 10104159001) for DRG. For optimal
digestion, nerves were chopped into small pieces with spring
scissors (50x chops, cleaning scissors with 100% ethanol
between samples) and incubated at 37°C, shaking at 220 RPM
for 30 minutes. The digestion mix was subsequently removed and
replaced with 100 pL of fluorescence-activated cell sorting
(FACS,) buffer: Hank’s balanced salt solution (HBSS) (Gibco, Cat#
14175095) with 0.4% bovine serum albumin (Sigma-Aldrich,
Cat# A3983), 15 mM HEPES (Gibco, New York, NY, USA, Cat#
15630080), and 2 mM EDTA (Invitrogen, Waltham, MA, Cat#
15575-038). Samples were dissociated by pipetting up and down
50x and passed through 70-um Flowmi cell strainers (SP
Scienceware, Warminster, PA, Cat# 136800070) into a 96-well
v-bottom plate. The plate was centrifuged at 1500 RPM for 5
minutes at 4°C, supernatant was removed, and the pellets then
underwent antibody staining as described in the following.

2.4. Flow cytometry/FACS

Onice, cells were incubated in fixable viability dye in HBSS for 15
minutes, followed by 15-minute incubation in a mix of directly
conjugated antibodies and fragment crystallizable (Fc) block (see
Supplementary Table 1 for antibody panels and concentrations,
available at http://links.lww.com/PAIN/B19). After staining, cells
were centrifuged for 5 minutes (1500 RPM at 4°C) and
supernatant was removed. For flow cytometry experiments only,
pellets were fixed in 4% paraformaldehyde (PFA) for 5 minutes,
the plate was then centrifuged for 5 minutes (1500 RPM at 4°C),
and supernatant was discarded. Finally, pellets were resus-
pended in 200 pL of FACS buffer. Flow cytometry and FACS were
performed at the NIHR BRC flow core facility at King’s College
London on a BD Fortessa and BD FACSAria, respectively.
Unstained cells and single staining control beads (BD Bioscience,
Franklin Lakes, NJ, Cat# 552845 for antibodies; Invitrogen, Cat#
A10346 for the viability dye) were used for compensation.
Fluorescence-minus one controls were recorded and used for
gating (see Supplementary Figures 2 and 3 for gating strategies
used, available at http://links.lww.com/PAIN/B19). For FACS
experiments, 20 cells were collected per population of interest.
This choice in number was driven by the temporal constraints of
the sort and the technical constraints of the Smart-seq?2 cell lysis
buffer. It means that our results are more variable compared to
traditional bulk sequencing experiments. Analyses were con-
ducted using FlowdJo software.

2.5. RNA sequencing

RNA from FACS collected samples was reverse transcribed into
cDNA, amplified, and purified in accordance with the Smart-seqg2
method.*® Samples were then run on a High-Sensitivity DNA chip
(Agilent, Santa Clara, CA, Cat# 5067-4626) on a 2100
Bioanalyzer (Agilent, Cat# G2939BA) to determine quality and
concentration. SMARTer amplified cDNA was shipped to the
Oxford Genomics Centre for batch-controlled library preparation
using an lllumina NexteraXT kit (llumina, San Diego, CA, Cat# FC-
131-1096) and sequenced on an lllumina HiSeq 4000 (75 bp,
paired-end reads).
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2.6. RNA-seq data analysis

Basic quality control was conducted in segmonk on stampy bam
fles® obtained from the sequencing facility. For detailed analysis,
fastq flles were timmed by Trimmomatic” (version-0.39) to eliminate
reads with phred scores less than 33 and remove any residual
adapters. The reads were then pseudoaligned using kallisto® (version
0.46.0) with the following command parameters: kallisto quant -i
transcripts.idx -o outout -b 100 [lane].fastq [lane2] fastq [lane3]. fastq.
The transcripts.idx file was built from Ensembl vO6 transcriptomes
according to instructions provided by the Pachter Lab (https://github.
com/pachterlab/kallisto-transcriptome-indices/releases). Raw tran-
script counts were length and depth corrected by conversion to
transcripts per million (TPM) using the R package tximport®® and the
transcripts_to_genes file provided on the kallisto website. The R
package sleuth®® was used for differential expression analysis (Wald
test for 2-group comparisons, likelihood ratio test for multiple group
comparisons). Power simulations were conducted using the R
package powsimR.%” Data were deposited in the Gene Expression
Omnibus (GEO) archive, accession number GSE139150.

To generate our web-tool, we also ran our data through kallisto on
BioJupies® to be able to compare our results to those of other
published cell-type-specific data sets in the same format. BioJupies
is a reanalysis tool based on ARCHS4?°—a project with one
common kallisto pipeline to realign all human and mouse RNA-seq
experiments that were run on HiSeq 2000, HiSeq 2500, and
NextSeq 500 platforms and deposited on either GEO or the Short
Read Archive. We accessed cell types analysed in their naive state,
in regeneration models (sciatic nerve transection and crush) and in
persistent pain models (sciatic nerve ligation). In particular, we
compiled: magnetically sorted sensory neurons and FAC-sorted
satellite glia before and after nerve ligation (GSE120284),2* Schwann
cells sorted after sciatic nerve transection (GSE103039),'° macro-
phages after sciatic nerve transection (GSE106488)°"
CCR2+Cx3cr1+ macrophages after sciatic nerve crush
(GSE106927),%° and naive macrophages associated with sympa-
thetic nerve and ganglia in adipose tissue (GSE103847).%°

2.7. Behavioural assay

Behavioural data were collected at ~13.5 weeks after PSNL.
Because mice with PSNL display paw guarding, we reasoned
that it would not be feasible to maintain blinding during
conventional von Frey behavioural testing. We therefore designed
anew simple paradigm to score the visible discomfort in mice in a
blinded fashion. Behaviours were video-taped and later scored
by 2 individuals unfamiliar with pain models and our hypothesis,
and who were unable to distinguish between male and female
mice. For the test, mice were left to freely explore an open arena of
20 cm in diameter—once for 5 minutes 2 days before testing
without video recording for acclimatisation and once for 2
minutes with video recording. Videos were scored for deficits to
the ipsilateral and contralateral legs and hind paws using a simple
0to 2 scale, whereby O = no deficit, 1 = slight paw clenching, and
2 = severe paw clenching and/or dragging of leg. Numbers were
awarded every 30 seconds so that each mouse received a total
deficit score out of 8. Scoring was performed on each hind leg
separately. Final scores were aggregated through averaging of
the individual scores obtained by the 2 independent observers.

2.8. Immunohistochemistry

At 14 weeks after PSNL surgery, mice were overdosed with
pentobarbital and perfused with 10 mL of 1 X PBS, followed by 20
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mL of 4% PFA. 0.5 cm of ipsilateral and contralateral sciatic nerves
were dissected as described above for flow cytometry. Nerves
were then postfixed in 4% PFA for 2 hours, washed in 1 X PBS,
and cryoprotected in 30% sucrose. After this, nerves were
embedded in optimal cutting temperature compound (OCT)
(CellPath, Newtown, United Kingdom, KMA-0100-00A) and cut
sagittally into 20-pwm sections on a cryostat. For immunofluores-
cent staining, sections were incubated for 4 hours in blocking
serum (10% donkey serum, 0.2% triton in PBS) and stained
overnight with primary antibodies against IBA1 (rabbit, 1:500,
Wako, Osaka, Japan, 019-19741), CD68 (mouse, 1:500, Abcam,
Cambridge, United Kingdom, ab31630), and directly conjugated
MHCII (1:500, BioLegend, San Diego, CA, 107607). After 3 washes
in PBS, sections were incubated with secondary antibodies for 2
hours—Alexa Fluor 647 (goat anti-rabbit, 1:1000, Invitrogen,
A21244) and Alexa Fluor 568 (donkey anti-mouse, 1:1000,
Invitrogen, A10037). After 3 further washes in PBS, sections were
mounted using Fluoromount-G mounting medium with DAPI
(Invitrogen, 00-4959-52) and imaged on a Zeiss LSM 710 confocal
MICroscope.

2.9. Bone marrow-derived macrophage culture and
quantitative reverse transcription PCR (QRT-PCR)

Bone marrow-derived macrophages were isolated from C57BL/6
J mice and cultured in Petri dishes containing Dulbecco’s
Modified Eagle’s Medium (DMEM) (Gibco, 32430-027) supple-
mented with 10% (vol/vol) fetal bovine serum (10500-064) and
Pen/Strep (Sigma Aldrich, P4333). Femur and tibia bones from
both hind limbs of female mice were collected and the bone
marrow was flushed out with cold PBS (Gibco, 14190-094) under
sterile conditions using a 10-mL syringe with a 25G needle. Cells
were centrifuged (7 minutes, 2000 rpm, room temperature) and
the pellet was resuspended in DMEM with macrophage colony
stimulating factor (DMEM-MCSF) (Peprotech, London, United
Kingdom, 315-02). The suspension was passed through a 40-
pm cell strainer to filter out bone fragments. Flow-through was
collected and filled up to 50 mL with prewarmed DMEM-MCSF.
The cell suspension was plated onto two 15-cm Petri dishes (25
mL/dish) and incubated (37°C, 5% CO,) for 7 days to allow for
differentiation into mature naive macrophages. After 7 days of
incubation, the culture supernatants were discarded and the
remaining adherent cells were washed with 15 mL of prewarmed
PBS. Cells were incubated (37°C, 5% CO,) with 15 mL of
prewarmed nonenzymatic cell dissociation solution (Sigma
Aldrich, CAT#S-014-B) for 10 minutes and then gently dislodged
with a cell scraper and centrifuged for collection (7 minutes, 1800
rpm, room temperature). The cells were plated at 5 X 10°%/well in
12 multiwell plates or 24 multiwell plates and left to settle
overnight in DMEM (w/o MCSF). The next day, cells were
incubated for 24 hours in: interferon gamma, IFNy, 50 ng/mL
(PeproTech, 315-05) or lipopolysaccharide, LPS, 100 ng/mL
(Sigma, L4391) or interleukin 4, IL-4, 50 ng/mL (Miltenyi Biotec,
Bergisch Gladbach, Germany, 130-097-760), either alone or in
combination with calcitonin gene-related peptide, CGRP, 100
ng/mL (Bachem, Bubendorf, Switzerland, H-1470). Unstimulated
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cells were incubated in plain DMEM as a control. For RNA
extraction, bone marrow-derived macrophages were lysed (RLT-
buffer+ B-mercaptoethanol) and RNA was extracted using the
RNAeasy Microkit 50 (Qiagen, Hilden, Germany, 74004) accord-
ing to manufacturer’s instructions. mMRNA quantity was evaluated
using Qubit 3 Fluorometer (Invitrogen) or Bioanalyzer (Agilent RNA
pico chip). 124 to 1548 ng of RNA was converted into cDNA using
SuperScript Il Reverse Transcriptase (Invitrogen, 18080-044)
according to manufacturer’s instructions. 6.2 ng/uL of cDNA was
used in standard SYBR Green (Roche, Basel, Switzerland,
39355320) gRT-PCR reactions on a LightCycler 480 (Roche) to
quantify expression of proenkephalin, Penk (forward GAGAG-
CACCAACAATGACGAA; reverse TCTTCTGGTAGTCCATC-
CACC). The geometric mean of the housekeeping gene 18s
was used to calculate 24" values.

2.10. qRT-PCR validation of sequencing data

The below primer sequences were used to assess the expression
level of Apoe, Trem2, and Tmem119 in additional biological
replicates of MHCII+ nerve/DRG macrophages and MHCII-/
Ly6C- DRG macrophages. All primers, including the Penk primer
above, were tested for their efficiency and specificity.

2.11. Statistical analysis

Cell counts were analysed in GraphPad Prism using either Student
t-tests, or two-way ANOVAs with time and injury as independent
variables, followed by Sidak post hoc tests (Figs. 1-6). gRT-PCR of
Penk expression was analysed using a nonparametric Kruskal—
Wallis ANOVA followed by Dunn post hoc tests. The behavioural
test in Supplementary Figure 4 was analysed in GraphPad Prism
using a two-way ANOVA followed by Sidak post hoc tests,
available at http://links.lww.com/PAIN/B19. The gRT-PCR data in
the Supplementary Materials were analysed using two-way
ANOVAs with either tissue and injury or sex and injury as main
effects, available at http://links.lww.com/PAIN/B19.

3. Results

3.1. Persistent changes in immune cell numbers in nerve
after partial sciatic nerve ligation

To develop a detailed characterisation of immune responses in
the mouse sciatic nerve after PSNL, we performed 3 batches
of flow cytometry experiments at different time points. In each
instance, we used a minimum of 6 male and 6 female mice. In
every experiment, the total number of live CD45* immune cells
was significantly elevated in ipsilateral nerves compared to
their contralateral counterparts (Figs. 1B-D, and see Supple-
mentary Figure 5 for a comparison to sham surgery at day 1,
available at http://links.lww.com/PAIN/B19). For instance, 14
weeks (3 1/2 months) after PSNL, there were on average 3.7 X
more immune cells in ipsilateral nerve, a highly statistically
significant result (Welch independent-samples t test, t(24) =
6.13, P < 0.0001). A direct, batch-controlled comparison of

Gene Forward primer sequence Reverse primer sequence Product size
Ywhaz GAAAAGTTCTTGATCCCCAATGC TGTGACTGGTCCACAATTCCTT 134
Apoe GACCCAGCAAATACGCCTG CATGTCTTCCACTATTGGCTCG 79
Trem2 TTGCTGGAACCGTCACCATC ACTTGGGCACCCTCGAAAC 199
Tmem119 CCTACTCTGTGTCACTCCCG CACGTACTGCCGGAAGAAATC 212
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immune cells collected 2 and 10 weeks (2 1/2 months) after
PSNL showed that there was no major difference in immune
cell numbers at these 2 points, with a two-way ANOVA
revealing no significant main effect (F(1,44) = 0.01, P = 0.96)
or interaction with time (F(1,44) = 0.03, P = 0.87). The effect of
injury on cell number was once more highly significant: F(1,44)
= 20.93, P < 0.0001. Moreover, using immunofluorescence,
high numbers ofimmune cells were still clearly visible 14 weeks
after PSNL (Supplementary Figure 6, available at http://links.
lww.com/PAIN/B19).
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This is quite striking, given that, macroscopically, the site of
injury is drastically different weeks vs months after ligation
(Supplementary Figure 1, available at http://links.lww.com/
PAIN/B19): 2 to 3 months after surgery, any visible signs of the
suture have completely disappeared, with only slight swelling and
discoloration remaining on the ipsilateral side. Nevertheless, mice
still display overt pain-like behaviours at 3 1/2 months, with paws
being visibly clenched and/or placed gingerly on any surface
(Supplementary Figure 4, available at http://links.lww.com/PAIN/
B19). We did not conduct testing over time, and therefore were
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Figure 2. All major myeloid cell populations apart from neutrophils are still upregulated in sciatic nerve two and a half months after partial nerve ligation. (A) Flow
cytometry was used to phenotype the major myeloid cell populations in sciatic nerve. Shown here are representative dot plots of 4 of the 5 major myeloid
subpopulations, gated on live CD45+, CD11b+, Ly6G- singlets: MHCII+ (likely resident, antigen presenting macrophages), MHCII+/Ly6C+ (likely infiltrating
monocytes differentiating into resident populations), Ly6C+ (infiltrating monocytes), and MHCII—/Ly6C— (likely resident macrophages). Note the presence of the
MHCII+/Ly6C+ double-positive population and infiltrating Ly6C+ monocytes (hi and lo) primarily after nerve injury. (B) Quantification of the total number of live
CD45+/CD11b+ singlets obtained from ipsilateral and contralateral nerves that were either negative for (i) MHCII—/Ly6C— or positive for (i) MHCII+/Ly6C+,
(iii) Ly6C+, (iv) MHCII+, or (v) Ly6G+ (neutrophils). At each time point, n = 12 mice were processed (6 males in blue and 6 females in orange), shown here as

separate data points with mean + SEM.
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not in a position to correlate the extent of inflammation with these
behaviours.

Detailed flow cytometry analysis revealed that the persistent
increase in CD45™ cells is due to an increase in all immune cell
types present in nerve, with the exception of Ly6G+
neutrophils (Fig. 2; and Supplementary Figure 7, available at
http://links.lww.com/PAIN/B19). We observed MHCII+ single
positive myeloid cells and MHCII—/LyC6— double-negative
myeloid cells in contralateral nerves. After nerve injury, 2
additional populations appeared: Ly6C+ single-positive and
MHCII+/Ly6C+ double-positive cells (see Supplementary
Figures 2 and 3 for gating strategies, and Supplementary
Table 1 for panels, available at http://links.lww.com/PAIN/
B19). All 4 populations were significantly upregulated 1 to 3
days, 2, 10, and 14 weeks after injury. Comparing 2 vs 10
weeks, there was no significant main effect of time (F(1,22) =
0.48, P = 0.495) nor an interaction between time and injury
(F(1,22) = 0.33, P = 0.572).

Similar to CD11b+/Ly6G— populations, af+ T cells and
CD11b—/Ly6G— populations were also increased on the
ipsilateral side (Fig. 3; and Supplementary Figure 8, available at
http://links.lww.com/PAIN/B19), starting from around 3 days
after injury. Absolute event counts remained elevated up to 14
weeks after injury. As we observed previously in DRG,3* nerve
seemed to contain a large population of unidentified CD45* cells
that are nonmyeloid (CD11b—) and not positive for af T cell
receptor (TCR). They also do not seem to be positive for CD19

PAIN®

(B cells), and preliminary trials indicated that they are negative for
vd+ TCR or glutamine synthetase, a satellite glial cell marker
(data not shown). In contrast to the other myeloid populations
(CD11b+/Ly6G—), neutrophil numbers (CD11b+/Ly6G+)
peaked at day 1 and were still somewhat elevated 2 weeks after
PSNL, but then dropped back to contralateral levels (Fig. 2; and
Supplementary Figure 7, available at http:/links.lww.com/
PAIN/B19).

3.2. Few striking differences in dorsal root ganglia cell
numbers after partial sciatic nerve ligation

The picture emerging from DRG was different (Figs. 4 and 5;
Supplementary Figure 5, available at http://links.lww.com/PAIN/
B19), with the increase in the total number of live CD45" cells being
much less pronounced. Our first batch of experiments collecting cells
1, 3, and 15 days after injury showed no differences in overall immune
cell numbers (Fig. 4A). In a second batch of experiments (Figs. 4B
and 5) collecting cells 14 days and 10 weeks after injury, a two-way
ANOVA revealed significant main effects of injury (F(1,43) = 13.03, P
< 0.001) and time (F(1,43) = 5.44, P = 0.024), with a significant
increase in immune cell numbers in ipsilateral DRG only at 2 weeks
(adj. P = 0.003). The fact that the difference at 14 days was small
and not detectable in our first batch of experiments could mean
that total CD45™ numbers in DRG are not altered. However, this
seems unlikely, given many prior reports of changes in immune
cell numbers in DRG in the literature.26526%72 |nstead, we
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Figure 3. Partial sciatic nerve ligation induces a long-lasting increase in af3 T-cell counts in sciatic nerve. Plotted are the total number of live CD45+/CD11b—/
BTCR+ singlets isolated from sciatic nerve after partial sciatic nerve ligation at different time points. Results were obtained as part of 3 separate experimental
batches (A-C). In (A) and (B), n = 12 mice per time point (6 males in blue and 6 females in orange) were processed, whereas in (C) n = 23 mice (11 males & 12
females) were processed, shown here as separate data points with mean + SEM. (D) Representative dot plot from ipsilateral and contralateral nerves at 10 and 14
weeks after injury, also showing the presence of a large unknown population (CD45+/CD11b—/BTCR-).
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Figure 4. Total CD45+ immune cell counts in DRG are less variable over time and any increases do not persist in the long term. Plotted are the total number of live
CD45+ singlets isolated from L3-5 DRG after partial sciatic nerve ligation at different time points. Results were obtained as part of 2 separate experimental batches
(Aand B), hence the differences in baseline counts. In both instances, n = 12 mice per time point were processed (6 males in blue and 6 females in orange), shown

here as separate data points with mean + SEM. DRG, dorsal root ganglia.

hypothesize that there are differences of small effect size, the
reliable detection of which requires large samples (n = 12+) and
experimental designs optimised for little variability. For instance,
the data in Figure 4A were generated with our least optimised
flow cytometry panel (Supplementary Table 1A, available at
http://links.lww.com/PAIN/B19), which possibly obscured the
differences visible in Figures 4B and 5 obtained with a more
evolved panel (Supplementary Table 1B, available at http://
links.lww.com/PAIN/B19).

Of note, we detected a permanent CD45+/CD11b+/Ly6G+
positive population in DRG, even on the contralateral side,
indicating that Ly6G+ might not be an ideal marker for
neutrophils in this tissue (Fig. 5; and Supplementary Figure 9,
available at http://links.lww.com/PAIN/B19).

3.3. No consistent sex differences in immune cell numbers

We previously detected sex differences in lymphocyte numbers
when examining immune cells from DRG from a smaller number
of mice (n = 4, male vs female) at 2 time points (day 8 vs day 28).3
Our current, more thorough exploration failed to replicate this. We
were unable to detect any consistent differences in immune cell
numbers in either nerve or DRG after PSNL at any of the time
points examined (Fig. 6A). There were several minor technical
differences between our previous experiment in DRG and the
series of studies reported here: our cell extraction methods
became more streamlined and our panel evolved over time.
However, we believe that the most parsimonious explanation for
our previous observation is that a small n number coupled with
high variability led to a false-positive result. Indeed, in our current
series of experiments, statistically significant differences did
emerge regularly in particular experimental batches, but ulti-
mately failed to consistently replicate (Fig. 6B). Based on a wealth
of previous literature,?” we still think it probable that there are sex
differences in adaptive immunity, but that they will require high
power (ie, very large sample sizes and little variability) to detect.

3.4. RNA-seq results confirm antigen-presenting phenotype
of MHCII+ population

Our flow cytometry results were complemented by transcriptional
experiments. To gain a broad overview of different molecular
phenotypes, we performed shallow sequencing on various myeloid
cell subpopulations in nerve and DRG 1 and 10 weeks after PSNL,
and also examined T cells from nerve at 10 weeks after PSNL.

Samples included in the subsequent analyses were screened for
sequencing quality: on average, 95% of reads fell within genes, and
there was negligible ribosomal (1% on average) and no DNA
contamination (Supplementary Table 2, available at http://links.
Iww.com/PAIN/B20, and for processed TPM values, see Supple-
mentary Table 3, available at http://links.lww.com/PAIN/B79, and
Table 3 on GEO:https:// www.ncbi.nim.nih.gov/geo/download/?
acc=GSE139150&format=file&file=GSE139150%5FSupplemen-
tary%5F Table%5F3%5F TPM%5Fweek1%2ExIsx). On  average,
7.8 M of high-quality, nonduplicate reads were captured. Samples
were also relatively free of contaminating cell types, with the
exception of DRG macrophages, which suffered from a small
degree of contamination with satellite glial and neuronal transcripts
(Supplementary Figure 10, available at http://links.lww.com/PAIN/
B19). This should be considered when interpreting differentially
expressed transcripts between nerve and DRG myeloid cells. It is
also worth bearing in mind that any tissue dissociation and sorting
technique will introduce some transcriptional artefacts, such as
upregulation of immediate early genes.®®

As expected, our sequencing samples at week 1 segregated by
myeloid cell phenotype, although principal component analysis also
indicated quite significant transcriptomic changes as a result of injury
(Fig. 7), particularly in MHCII+ myeloid cells from sciatic nerve. Indeed,
279 transcripts were identified as significantly dysregulated in ipsilateral
MHCII+ cells compared to their contralateral counterparts (sleuth
algorithm,*® adjj. P < 0.05, for the full list of differentially expressed
genes, see Table 5 on GEO: https://www.ncbi.nlm.nih.gov/geo/
download/?acc=GSE139150&format=file&file=GSE139150%
5FSupplementary%5F Table%5F5%5F sleuth %5Fweek1 %2ExIsx).
To identify which of these genes are known to be functionally
connected, we entered them into a protein—protein interaction
database (STRING/® and annotated the resuling networks in
Cytoscape.® The analysis suggested that, unsurprisingly, MHCII+
cells in injured nerve upregulate genes related to antigen presentation
and lymphocyte interactions, but downregulate genes related to more
canonical proinflammatory and resident macrophage functions (Fig.
8). Thus, we for instance found significantly increased expression of
several MHCII genes (H2-K1, H2Q7, H2-Oa, H2-Ob) and of ltgax, the
gene encoding for the dendritic cell marker CD11c. We validated the
latter result at protein level (Supplementary Figure 11, avaiable at
http://links.w.com/PAIN/B19), recording significantly more CD11c-
expressing cells amongst the MHCII--/Ly6C— population in sciatic
nerve 3 and 7 days after PSNL.
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