1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Neurosci Methods. Author manuscript; available in PMC 2021 February 01.

-, HHS Public Access
«

Published in final edited form as:
J Neurosci Methods. 2020 February 01; 331: 108483. doi:10.1016/j.jneumeth.2019.108483.

Evaluation of Two Methods to Isolate Schwann Cells from
Murine Sciatic Nerve.

Joy E. Tomlinson&T, Masoud Golshadi® ™, Christopher J. Donahue?, Lynn Dong?, Jonathan
Cheetham?”

aCornell University College of Veterinary Medicine, Department of Clinical Sciences 930 Campus
Road, Ithaca, NY 14853

Abstract

Background: Schwann cells (SC) and macrophages play key roles in the response to peripheral
nerve injury (PNI). Accurate isolation of such cells is essential for further analyses that can lead to
better understanding of the repair process after PNI. Separation of live SC from the injury site
without culture enrichment is necessary for targeted gene expression analysis.

New Methods: Two flow cytometric techniques are presented for rapid enrichment of live SC
and macrophages from injured murine peripheral nerve without the need for culture.

Results: SC were isolated by fluorescent activated cell sorting (FACS) using transgenic
expression of eGFP in SC, or by exclusion of other cell types collected from the injury site.

Comparison with Existing Method(s): Gene expression analyses of peripheral nerve repair
have commonly used whole nerve lysates. Isolating SC allows more accurate understanding of
their specific role in repair. SC are commonly enriched from nerve by culture, however this
changes gene expression patterns and limits the utility for transcriptomic analysis. The surface
marker p75-NTR has variable expression in different SC phenotypes and during the course of
injury and repair. Using p75-NTR for SC isolation might enrich only a subset of SC. More stably
expressed lineage markers for SC are intracellular and not suitable for sorting for gene expression.
The methods used here avoid the requirement for surface marker labeling of SC.

Conclusion: Gene expression analysis of sorted cells from both methods showed successful
enrichment of SC. Lineage markers such as Maplb, p75-NTR and S100b were enriched in the
sorted SC population. SC sorting by eGFP expression showed improved enrichment, particularly
of mature myelinating genes, although this could represent sampling of a subset of SC.
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1. Introduction

Macrophages and Schwann cells (SC) play key roles in the early response to peripheral
nerve injury. Teasing out the contribution of and interactions between each cell type will
improve our ability to manipulate the early repair process for improved recovery (Stratton et
al., 2018). In order to dissect out the contributions of macrophages and SC distinctly, it is
necessary to be able to isolate each population. The application of fluorescence-activated
cell sorting (FACS) to isolate macrophages for gene expression analysis has been successful
in allowing an unbiased gene expression approach to mapping the phenotype of
macrophages during peripheral nerve repair (Stratton et al., 2018; Tomlinson et al., 2018).
However, a similar approach for SC has been limited by the absence of well characterized
SC-specific extracellular markers that are consistently expressed across myelinating and
non-myelinating SC phenotypes. Commonly used methods to evaluate the role of SC in
peripheral nerve repair include immunohistochemistry, /n vitro assays, transgenic mice, and
flow cytometric characterization with or without pre-enrichment via culture (Cattin et al.,
2015; Roberts et al., 2017; Spiegel and Peles, 2009; Stratton et al., 2018; Wang et al., 2017).
These methods are limited in that they do not allow immediate ex vivo evaluation of SC
gene expression patterns. Many of the markers used are intracellular, such as the
transcription factors Sox10 and Sox2; or markers for subsets of mature or immature SC,
such as Necll or p75-NTR (Spiegel and Peles, 2009; Stratton et al., 2018). Intracellular
labeling requires fixation of the cells and degrades RNA quality. Additionally, pre-
enrichment by culture greatly alters gene expression profiles and cell phenotypes. Therefore,
there remains a need for a SC enrichment technique that can isolate fresh, live SC, regardless
of phenotype, without culture.

We compare two approaches to enriching SC from injured peripheral nerve. First, we
performed FACS sorting by exclusion of other expected cell types in the tissue. This method
was expected to incorporate all phenotypes of SC at the expense of perhaps including some
non-SC. Second, we utilized an S100b-eGFP transgenic mouse line (Zuo, 2004) for positive
SC identification, combined with the exclusion markers, to increase specificity of the sort. A
number of SC-specific transgenic reporter mouse lines have been described (Laranjeira et
al., 2011; Mallon et al., 2002; Vives et al., 2003; Zuo, 2004). We utilized the S100b-eGFP
line because S100b is expressed primarily in SC in the peripheral nervous system, and
maintenance of expression is anticipated in both myelinating and non-myelinating SC
phenotypes (Donato et al., 2009; Liu et al., 2015; Mirsky et al., 2008). Additionally S100b is
commonly used as an immunohistochemical marker for SC after peripheral nerve injury
(Carroll et al., 1997; Godinho et al., 2013; Jessen and Mirsky, 2005; Mokarram et al., 2012;
Raponi et al., 2007), allowing for comparison of similar cells across the two methods of
analysis.
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2. Methods

2.1. Subject Information

Animal studies were performed in accordance with the PHS Policy on Humane Care and
Use of Laboratory Animals, the NIH guide for Care and Use of Laboratory Animals, federal
and state regulations, and was approved by the Cornell University Institutional Animal Care
and Use Committee (IACUC).

Animals were brought into the research unit and given a 3-day acclimatization period prior
to any procedure. Daily record logs of medical procedures were maintained. Rodent cages
were replaced weekly. Animals were on a 12/12h light-dark cycle and allowed food and
water ad /ibitum. Group housing (2-5 mice per cage) prior to medical procedures provided
socialization. Mice were entered into the study at 9-12 (mean 10) weeks old and both sexes
were used.

Hemizygous S100b-eGFP mice (B6;D2-Tg(S100B-EGFP)1Wijt/J, Stock No. 005621), were
purchased from Jackson Laboratories and bred to homozygosity. Genotyping was performed
(Transnetyx) to screen offspring for the presence of the GFP transgene and mice with
highest normalized qPCR expression were crossed to produce a stable homozygous colony.
Expression of eGFP was confirmed in all experimental mice by genotyping until a stable
homozygous colony was obtained. Control mice were C57BI/6J (Stock N0.000664) which
were maintained as a congenic colony.

2.2. Sciatic Nerve Transection Model and Tissue Harvest

Sciatic nerve transection and inert conduit repair was performed as previously described
(Tomlinson et al., 2018; Zygelyté et al., 2016). The sequence of surgical procedures and
harvests were randomized by mouse strain. . Mice were anesthetized with 3% isoflurane and
maintained under anesthesia with 1-2% isoflurane and oxygen. Analgesia was provided by
subcutaneous buprenorphine simbadol (0.1mg/kg) injection pre-operatively and 24 hours
after surgery. The left sciatic nerve was exposed and transected at mid-femur, proximal to
the bifurcation. Proximal and distal nerve stumps were aligned and sutured 1mm into a 5mm
long inert silicone nerve conduits with epineurial 10-0 sutures (Ethilon) to create a non-
critical 3mm defect. Muscle and cutaneous layers were closed routinely.

Mice were euthanized by pentobarbital overdose 5 or 14 days after repair. The regenerative
bridge was harvested within the conduit by transecting the proximal and distal sciatic nerve
stumps 1mm from the end of the 5mm conduit. The epineurial sutures were cut and the
regenerative bridge was removed from the conduit and placed in a petri dish with ImL
RPMI-1640 (Corning). The nerve was cut into 1mm pieces. The tissues were then
transferred to a 50mL conical tube with 10mL of digestion buffer (3mg/mL collagenase type
I (Sigma), Img/mL hyaluronidase (Sigma), and 0.5mL of 1mM HEPES in RPMI-1640).
After 1 hour digestion in a 37°C incubator, tissues were strained through a 70um mesh
strainer (BD Biosciences) to obtain a single cell suspension. The cells were centrifuged at
300g for 10 minutes. The cell pellet was resuspended in 0.5% BSA (Sigma) in DPBS and
cells were plated on a v-bottom 96-well plate (Nunc, Thermo Scientific) for antibody
staining and FACS.
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Isolation of SC and Macrophages from Injured Sciatic Nerve by FACS

Cells were labeled for 45 minutes at 4°C using species-specific antibodies to label
macrophages and other immune cells (Table 1). Cells were washed 2 times after labeling.
All wash steps were performed with 0.5% BSA in DPBS and Pl was added after labeling as
a viability marker. Cells were analyzed using fluorescence-activated cell sorter FACSArialll
(BD Biosciences) and FACSDiva software (BD Biosciences version 6.1.3). The
fluorochromes were excited with the instrument’s 405nm, 488nm, 532nm, and 633nm
lasers. The appropriate detection filters were used (Table 2). Compensation beads
(UltraComp, eBioscience) were used to set the compensation matrix. Fluorescence was
determined by gating against appropriate controls (unstained, fluorescence minus one) on
samples prepared in parallel. Gates were set such that less than 1% of positive events were
recorded when acquiring the corresponding negative control, and were adjusted as needed to
focus on discrete populations. Cells were gated for size, doublet exclusion, and viability.

A dump channel was used to exclude T- and B-lymphocytes (CD3e, CD19), neutrophils
(Ly6G), eosinophils (Siglec-F), endothelial cells (CD31), fibroblasts (Thy1.2), and red blood
cells (Ter119). Dump cells were sorted as PI~ and CD3e*, CD19%, Ly6G™, Siglec-F*,
CD31*, Thy1.2*, or Ter119*.

Macrophages were sorted as all viable single cells that were PI~ CD3e™ CD19™ Ly6G~
Siglec-F~ CD31™ Thyl1.2™ Ter119~ F4/80* CD14* CD11b* CD16/32*. Inflammatory
macrophages can have reduced F4/80 expression, so if the macrophage population was close
to or crossed the lower limit of the gate, co-expression of CD11b and CD16/32 were used to
adjust the macrophage gate. Figure 1 shows the full gating strategy. Some samples contained
a subset of cells that were F4/80" and had intermediate fluorescent intensity in the dump
channel. These cells were also positive for CD14, CD11b, and CD16/32 and were included
in the macrophage gate.

Schwann cells were sorted using two different methods: by exclusion of other expected cell
types in C57BL/6J mice (SCeyclusion), O by GFP expression in the S100b-eGFP line
(SCgEp)- SCexclusion Was gated as PI~ CD3e™ CD19™ Ly6G™ Siglec-F~ CD31™ Thy1.2™
Ter119™ F4/80~ CD14~ CD11b™ CD16/32". SCgrp Was gated as PI~ CD3e™ CD19™ Ly6G~
Siglec-F~ CD31~ Thyl1.2™ Ter119~ F4/80~ CD14~ CD11b~ CD16/32~ GFP*. Additionally,
the percent of each population (dump channel, macrophages, SCexclusion) that was GFP* was
determined using FlowJo software.

From each subject, a minimum of 10,000 and maximum of 50,000 cells were collected for
each of the dump, macrophage and either SCeycusion OF SCoep gates (Figure 1). Prior to
sorting, the nozzle, sheath, and sample lines were washed with RNAse Away (Ambion) for
15 minutes then flushed with preservative-free sheath solution (Biosure) for 2-3 minutes to
remove RNases. A 100um ceramic nozzle (BD Biosciences), sheath pressure of 20psi, flow
rate < 3 and acquisition rate of <3000 events per second were used as conditions optimized
for neuronal cell sorting as previously described (Pruszak et al., 2007). Cells were sorted
into 0.5% BSA in DPBS in RNAse-free, lo-bind eppendorf tubes (Zymogen).To assure
specificity, purity checks were performed by re-analyzing a subset of sorted cells and only
sorts with >80% enrichment were accepted. Sorted cells were lysed with 1:1 solution of
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RNA lysis buffer (RLT, Qiagen) in RNase-free water (1 uL/4,000 cells, minimum 5pL, for
SCexclusion) OF in 1:2.5 solution of RLT buffer in DPBS (1 uL/10,000 cells, minimum 5pL,
for SCgpp), and stored at —80°C until processed for gene expression analysis.

2.4. Gene Expression Analysis

To assess the SC sorting protocols, dump, macrophage, and SCexclusion Cells were isolated
from C57BL/6J mice 5 days (n = 3, 2 female, 1 male) and 14 days (n = 5, 2 female, 3 male)
after sciatic nerve transection and repair. To determine if SCgrp improved specificity of
sorting, dump, macrophage, and SCggp cells were isolated from S100b-eGFP mice 5 days
after sciatic nerve transection and repair (n=8, n=4 male and 4 female). Cells were sorted
separately from each individual mouse and whole cell lysates were obtained as described in
section 2.3. The cell lysate from each sort was split for analysis on two gene expression
panels.

Custom panels of bar-coded probes (nanoString Technologies, Seattle, WA) were designed
specific for genes associated with SC and macrophage lineage, phenotype and function (SC
and macrophage codesets, 101 genes each, Supplemental Information - Table S1) (Fortina
and Surrey, 2008; Geiss et al., 2008; Tomlinson et al., 2018). Samples were analyzed at the
Molecular Biology Core Facility at Geisel School of Medicine at Dartmouth, Hanover, NH.
NanoString nSolver 4.0 Analysis Software (nanoString Technologies) was used to process
raw data. Data from each codeset were processed separately. Background was calculated on
the raw data as the average mRNA count across all negative controls plus twice the standard
deviation of the negative controls. Genes with expression below background were excluded
from further analysis. Six possible housekeeping genes were included on each panel and the
genes that were the most stable across samples, including expression above background in
all samples and minimal %CV across samples, were used for normalization as previously
described (Tomlinson et al., 2018). Data was normalized using the positive control and
housekeeping genes. Normalized data were analyzed.

Hierarchical clustering and principal component analysis were performed using JMP Pro 12
software (SAS Institute Inc., Cary, NC) to visualize expression patterns among sorted
populations (dump, macrophages, SC), days after injury, and sex. Based on clustering
analysis day and sex did not clearly affected separation between the populations, therefore
data from day 5 and 14 and both sexes were combined for further analysis and only the
single day 5 timepoint was performed for the SCgp experiment.

Data from each codeset were separately assessed by least square means analysis with
Benjamini and Hochberg false discovery rate correction and Tukey post-hoc test to examine
expression differences in individual genes among the sorted populations. Log transformation
was used to meet the assumptions of the test. Significance was set as p<0.05 throughout.
Gene expression data were represented graphically using GraphPad Prism 7 (GraphPad
software, Inc) as the median and interquartile range of normalized mRNA count for each

group.
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2.5. eGFP Expression in Bone Marrow-Derived Macrophages (BMDM)

During SCgpp sorting, GFP expression in macrophages was observed. To further assess
leakiness of eGFP expression in macrophages of the S100b-eGFP line, bone marrow was
harvested from S100b-eGFP (n=3) and C57BL/6J (n=1) mice. For each mouse, 500,000
cells were seeded onto 3x100mm sterile polystyrene petri dishes (Falcon) with 12mL R10
cell culture medium (RPMI 1640 (Corning) with 10% FBS (ThermoFischer), 1% Penicillin/
Streptomycin (ThermoFischer), and 1% HEPES (Sigma Aldrich)). Cells were stimulated to
differentiate into macrophages with 10ng/mL macrophage colony stimulating factor (M-
CSF, eBioscience). Cells were cultured at 37°C and 5% CO», for 8 days and were fed every
third day.

Ligands known to produce particular extremes of the macrophage polarization spectrum
were added to examine eGFP expression in different activation states. Polarization was
performed as previously described (Tomlinson et al., 2018), briefly no additional cytokines
for M(-); 50ng/mL IFNy (eBioscience) on day 6 followed by 100ng/mL LPS (Sigma-
Aldrich) and 50ng/ml IFNy (eBioscience) on day 7 for M(IFN-y + LPS) polarization; and
50ng/mL IL-4 on day 7 for M(IL4) polarization. Cells were harvested from the plates on day
8 by incubation with PBS for 30 minutes followed by vigorous trituration.

Bone marrow derived macrophages were labeled with the pan-macrophage marker anti-
mouse F4/80 (eBioscience 25-4801) at 1:500 dilution for flow cytometric analysis. Dilutions
were determined by titration. Cells were incubated with anti-mouse F4/80 for 45 minutes at
4°C in the dark; washing steps were performed with 0.5% BSA in DPBS. After labeling,
cells were resuspended in 0.5% BSA with propidium iodide (PI, eBioscience 00-6990) as a
viability marker. Labeled cells were analyzed with FACS Aria 1l (BD Biosciences) using
FACS Diva software (BD Biosciences, version 6.1.3) and final analysis was performed with
FlowJo software (TreeStar v10). Fluorochromes were excited with the instrument’s 488nm
and 532nm lasers. The appropriate detection filters were used (Table 2). Compensation
beads (UltraComp, eBioscience) were used to set the compensation matrix. Fluorescence
was determined by gating against appropriate controls (unstained, fluorescence minus one)
on samples prepared in parallel. Fully labeled cells from C57BL/6J mice were used for
fluorescence minus eGFP. Gates were set such that less than 1% positive events were
recorded when acquiring the corresponding negative control. Cells were gated on forward
and side scatter for general cell size, forward scatter height and width to exclude doublets,
and side scatter and PI to exclude dead cells. Macrophages were defined as all viable single
cells that were F4/80+. Percent of macrophages that were GFP+ was calculated for each
sample using FlowJo software.

3. RESULTS

3.1. Schwann Cell Isolation by Exclusion of Other Cell Types

Many SC markers, such as S100b and Sox10, are intracellular proteins and require fixation
of cells to use them for FACS. Commonly used surface markers, such as p75 neurotrophin
receptor (p75-NTR) or Necl1, limit collection to phenotypic subsets such as immature or

mature myelinating SC, respectively (Spiegel and Peles, 2009; Stratton et al., 2018). As an
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alternative that would allow collection of live cells across the spectrum of SC phenotypes,
we identified presumptive SC solely by exclusion of other expected cell types (SCexclusion:
Figure 1). To assess this method, we used a sciatic nerve transection and empty conduit
repair model of injury. After 5 or 14 days of repair, the nerve bridges were harvested and
digested, and cells were separated and analyzed by flow cytometry. Dump cells (dump* =
CD3e*, CD19", Ly6G™, Siglec-F*, CD31", Thy1.2*, or Ter119*), macrophages (dump~
F4/80* CD14* CD11b* CD16/32%), and SCeyclusion (cells that were negative for all other
markers) were sorted. The SCeyclusion POpulation represented 10.4% (6.2-18.2%) of viable
single cells in both time points.

Gene expression analysis was performed using nanoString technologies (Geiss et al., 2008;
Guerrero et al., 2014) and two custom gene panels (codesets); one focusing on SC markers
and one for macrophage markers (Table S1). Sorted cells of individual mice were
independently analyzed by nanoString and compared. Gapdh, Actb and Rictor were used as
housekeeping genes for the macrophage codeset; and Gapdh and NSE were used as
housekeeping genes for the SC codeset. Three samples had content normalization factors
>10 (range 10.24 — 20.5) on each codeset, indicating low RNA input and were excluded
from further analysis (Supplemental Information - Table S2). The cells collected for these
samples were 29,000 — 50,000; however there were samples as low as 10,000 cells with
adequate RNA.

PCA was used to compare gene expression by population and time after injury. Samples
clustered more closely by population than by time after injury (Supplemental Information -
Figure Sla,c). Because of this, least square means analysis was applied to the pooled data
from days 5 and 14. The SCexclusion POpulation demonstrated enrichment of SC related
genes compared to the sorted macrophage population; however, separation of the SCeyclusion
population from the dump population was less consistent. The SC lineage markers p75-NTR
and S100b were enriched compared to macrophages, but not dump cells (Figure 2a, p-
value<0.05), while Gfap was enriched compared to both macrophages and dump cells. The
SCexclusion Population had higher Sox10 expression, a master regulator of SC lineage
(Britsch et al., 2001), than either the dump or macrophage population (Figure 2c, p-
value<0.001). The clearest separation of the SCeyclusion Population from the dump
population was in expression of myelin protein genes (Figure 2d). The macrophage
population showed enrichment of macrophage associated genes including Cd206, SRAI,
Vegf and Mac2, as expected (Figure 2b, p-value<0.01).

3.2. Positive Identification of SC by GFP Expression in S100b-eGFP Mice is Complicated
by GFP Expression in Macrophages

In the SC isolation by exclusion method described above, it was noted that separation of SC
from the dump channel was perhaps not as clear as desired. This could have been because
some non-SC were included in the SCeyclusion gate. To improve accuracy of the sort, we
added positive identification of SC by utilizing transgenic S100b-eGFP mice, which were
described to express GFP only in Schwann cells (Zuo, 2004). The same nerve injury model
and flow cytometric analysis were applied. Flow cytometric analysis demonstrated GFP
expression in 30.2 + 8.6% (mean = sd) of the SCeycusion gate (Figure 1b). This GFP
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expressing population was designated SCgpp and represented a median of 4.1% (range 2.4 —
4.6%) of all viable single cells. However, 95.0 + 1.2% of macrophages and 7.6 + 2.7% of
dump cells were also GFP positive.

While leaky expression of GFP in macrophages had been reported in some other S100b-
eGFP or S100b-YFP lines, it had not been reported in this particular line to the degree
observed here (Zuo, 2004).To further assess the finding that macrophages in this mouse line
expressed GFP, we analyzed GFP expression in a separate macrophage population, namely
bone marrow derived macrophages (BMDM). BMDM expressed GFP under multiple
stimulation conditions: M(-), M(IL-4), and M(IFN~y, LPS) (Supplemental Information -
Figure S2), indicating macrophage GFP expression in S100b-eGFP mice was not dependent
on the local environment of nerve injury or inflammation.

3.3 Schwann Cells and Macrophages Can be Separated from Other Cells in Injured Nerve
of S100b-eGFP Mice by FACS

GFP expression in cells other than SC indicated that the S100b-eGFP line could not be used
to sort SC by single marker expression. Therefore, the same antibody panel as was used for
SCexclusion Sorting was applied for the SCggp sort. The same dump and macrophage gates
were used and an additional gate for GFP* was applied to the prior SCeyclusion 9ate to sort
SCqrp cells (Figure 1). Collection and analysis were performed as before. In this
experiment, Gapdh and Actb were used as housekeeping genes for the macrophage codeset.
Gapdh and Hprt were used as housekeeping genes for the SC codeset. The cells collected for
these samples were 20,000 — 50,000 with adequate RNA for each sample. Therefore, no
sample had to be excluded from analysis (Supplemental Information - Table S3).

Clustering analysis was performed for both SC (Figure 3a) and macrophage (Figure 3f)
codesets. The results indicated distinct clustering by sorted population. Principal component
analysis (Supplemental Information - Figure S1b, d) and gene expression comparison
(Figure 3d-e and i-j) showed no specific clustering or pattern of gene expression differences
in each population by sex. The SCgrp population demonstrated enrichment of SC related
genes compared to both the sorted macrophage and dump populations (Figure 3b, c). The
macrophage population was appropriately enriched in macrophages, as demonstrated by the
higher expression of macrophage specific genes compared to both SC and dump populations
(Figure 3g, h).

Expression of selected genes in the sorted populations is shown in more detail in Figure 4,
grouped by gene function. Common SC lineage markers, p75-NTR, Maplb and Nrcam,
were expressed at significantly higher levels than in macrophage and dump populations
(Figure 4a, p-values<0.0002). In contrast, S100b and Gfap were not consistently expressed
above the background of the assay (median and range of 3.37 and 2.37-10 for S100b, and 7
and 4.37-7.62 for Gfap) and comparison between populations could not be made. As with
the SCexclusion SOrt, Sox10 had higher expression in the SCggp group than either of the other
two populations (Figure 4c, p-value<0.002). As expected, the macrophage population
showed enrichment of macrophage associated genes including Cd206, SRAI, Vegf, F4/80,
Cd14 and Mac?2 (Figure 4b, p-values<0.001).
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4. Discussion

This study describes two methods for identifying and isolating SC directly from murine
peripheral nerve. Most published methods for sorting SC utilize an ex vivo culture step prior
to sorting (Maximino et al., 2014; Spiegel and Peles, 2009; VVroemen and Weidner, 2003).
These methods are not useful for gene expression analysis because the time in culture likely
results in significant gene expression changes that could render results unrepresentative of /n
vivo expression (Lin et al., 2006; Liu et al., 2015). Magnetic column separation is sometimes
used after culture (Masaki et al., 2013; Vroemen and Weidner, 2003); however, this only
allows selection based on a single marker and does not give the user visualization of the
positive and negative populations to evaluate the validity of the cut-point for separation. Our
method allows robust multispectral analysis and visualization in addition to cell sorting.

We attained a reproducible and selective enrichment of SC from other cell populations
(macrophages and dump cells) using a FACS method by identifying the GFP+ cells and
excluding other cell types. An alternative SC enrichment was also possible by excluding the
macrophage and dump populations, and not using a positive selection marker for SC. It is
important to note that both methods still required the use of exclusion markers for
macrophages at a minimum, and that the S100b-eGFP mouse line cannot be used to isolate
SC without additional antibody labeling.

The two methods described here are designed to include SC of multiple phenotypes. While
p75-NTR is an available surface marker for SC, its expriosion is primarily limited to
immature SC in the healthy adult nervous system, and p75-NTR expression over the course
of injury and repair is likely dynamic (Corfas et al., 2004; Jessen and Mirsky, 2005; Meeker
and Williams, 2014; Stratton et al., 2018; Taniuchi et al., 1986). The SCeayclusion Method was
designed to be the most inclusive and enrich for all types of SC, while acknowledging that
there is likely some contamination with non-SC in the sorted population. The SCggp method
used the S100b marker, which is predicted to be expressed in all adult SC phenotypes
(Corfas et al., 2004; Donato et al., 2013; Raponi et al., 2007). Despite this, S100b was not
highly expressed in the SC sorted populations. It could be that gene expression is not highly
correlated to protein expression under these conditions, or that S100b transcription is
downregulated at day 5 after injury. An advantage of using the S100b-eGFP transgenic
mouse line over antibody labeling of the SC could be that GFP protein persists after S100b
transcription is reduced, allowing continued detection of the SC after injury.

Our data demonstrate that the SCgpp sort improved separation between the dump and SC
populations compared to the SCeycjusion SOrt. GFP only identified 30% of the SCexclusion
population as SC. It is therefore possible the SCeycjusion POpulation included more non-SC,
which reduced the pooled gene expression of SC markers toward that of the dump
population. Alternatively, the GFP expression was not consistent across all SC phenotypes
and the SCgpp sort only identified a subset of SC. However, both markers of myelinating SC
(e.g. MPZ, Plp1) and non-myelinating or de-differentiating SC (e.g. c-Jun, LLCAM, p75-
NTR) were enriched in the SCgpp sort, suggesting both phenotypes were captured (Jessen
and Mirsky, 2008; Martini, 1994; Nieke and Schachner, 1985). Without additional study on
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an individual cell level, however, we were not able to confirm that the SCggp population did
indeed include all SC phenotypes in the tissue.

The gene expression analysis indicates that separation of SC, macrophage and dump cells is
independent of harvest timepoint and subject sex; demonstrating that this method can be
used across multiple study designs. In this study, we used a nerve transection model with a
non-critical gap repair inside an inert conduit. This experimental approach allowed
collection of tissue samples at each timepoint after repair and will also allow the addition of
novel immunomodulatory biomaterials to manipulate the microenvironment at the repair site
in future work. . At the timepoints examined, 5 and 14 days, developing regenerative bridges
were identified in all samples. This approach could be similarly applied to other types of
nerve injury including crush, transection and repair and critical length gaps as the method
provides excellent sorting of macrophage and SC from the mixed cell populations found at
the repair site.

S100b is generally considered a SC specific gene (Donato et al., 2009), and the human
S100b promoter in this line’s transgene construct was predicted to result in SC specific
eGFP expression. Here we document widespread expression in macrophages as well. GFP
was expressed in macrophages independent of phenotype, and was present in the majority of
macrophages at the site of peripheral nerve injury. This is in contrast to a prior report of a
mouse cross-bred with this S100b-eGFP line where only 9% of GFP+ cells were
macrophages (Hayashi et al., 2007). It is a well-known phenomenon that insertion of
transgenes can result in ectopic tissue expression, or expression in tissues not predicted by
the endogenous expression of the chosen promoter sequence (Brem, 1993; Gabriel et al.,
2015; Haruyama et al., 2009; Rossert et al., 1995). In the paper describing the generation of
the S100b-eGFP line, there were 7 other lines generated with YFP under the same promoter
construct and those lines also expressed fluorescent protein in tissue macrophages (Zuo,
2004). While Zuo and Hayashi et al specifically examined GFP expression in macrophages
(Hayashi et al., 2007; Zuo, 2004), more commonly, S100b is used as a SC marker without
co-labeling macrophages (Cattin et al., 2015; Dubovy et al., 2014; Whitlock et al., 2010).
However, our gene expression panels here and RNA sequencing in our prior work
(Tomlinson et al., 2018) showed no detectable S100b expression in the macrophages.
Additionally, publicly available RNA sequencing data of murine macrophages isolated from
peripheral nerve on day 3 and day 8 show S100b FPKM ranging from 0.1 to 5.8, similarly
indicating a very low expression in all samples (Stratton et al., 2018).

Therefore, GFP expression in macrophages of the S100b-eGFP line is likely explained by
ectopic expression rather than endogenous S100b expression in these macrophages. Our
findings reinforce the need to validate key biologic factors in experiments and to utilize
redundancy in cell identification methods.

5. Conclusion

Here we present two techniques to enrich SC from other cell populations at the site of
peripheral nerve injury. These results indicate that enrichment of SC population is possible
using exclusion of other cell types (SCexclusion) and is likely improved by using the GFP
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signal in S100b-eGFP line (SCggp). The S100b-eGFP line described here expresses eGFP in
SC of the peripheral nervous system and in myeloid-derived macrophages. When using this
line of mice in the context of peripheral nerve injury, it is essential to include markers to
distinguish between SC and macrophages. Using the markers and the process reported here,
live SC and macrophages can be rapidly enriched for further analysis. These methods
provide robust techniques for ex vivo isolation of the key cellular contributors to peripheral
nerve repair.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Schwann cells (SC) and macrophages play key roles in the aftermath of
peripheral nerve injury (PNI).

. This paper described two methods for accurate separation of live Schwann
cells and macrophages from injured murine nerve.

. The two different techniques presented in this study provide robust method to
isolate SC and macrophages from other cell populations.

. The gene expression analysis shows successful enrichment of SC and
macrophages in both methods by evaluating the lineage markers such as
Nrcam, Maplb, p75 NTR and S100b for SC and Cd206, Mac2 and Vegf for
macrophages.
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Figure 1 —. Gating strategy to sort macrophages and Schwann cells from injured murine sciatic
nerve:

The gating tree (a) was set as indicated in: 1) SSC-W/SSC-A (doublet exclusion which
excludes cells that might be stuck together), 2) PI/FSC-A (discriminates live/dead and size
to exclude debris) to 3) F4/80/APC channel (separates cell populations of interest and
eliminates the dump cells by removing eosinophils (Siglec-F), lymphocytes (CD3e, CD19),
neutrophils (Ly6G), endothelial cells (CD31), red blood cells (Ter119), and fibroblasts
(Thy-1.2)). Macrophages were gated from gate APC-negative as follows: 4) F4/80/CD14
double positive to 5) CD11b/CD16/32 double positive. After final gating, macrophages were
single viable APC-F4/80+CD14+CD11b+CD16/32+ cells. Schwann cells were gated from
gate APC-negative as follows: 4) F4/80/CD14 double negative to 6) CD11b/CD16/32 double
negative to 7) G780-A/GFP. After final gating, Schwann cells were identified in one of 2
ways: by exclusion (single viable APC-F4/80-CD14-CD11b-CD16/32- cells, or by GFP
expression (single viable APC-F4/80-CD14-CD11b-CD16/32-GFP+). (b) GFP expression in
various cell types harvested from injured sciatic nerve tissue in S100-eGFP mice. Cells from
injured sciatic nerve of S100b-eGFP mice (blue) and littermate GFP negative mice (grey)
were examined by flow cytometric analysis. GFP expression in three major populations of
single viable cells was examined. The dump channel included eosinophils (Siglec-F),
lymphocytes (CD3e, CD19), neutrophils (Ly6G), endothelial cells (CD31), red blood cells
(Ter119), and fibroblasts (Thy-1.2). Macrophages were single viable Siglec-F-CD3e-CD19-
Ly6G-Thy-1.2- F4/80+CD14+CD11b+CD16/32+ cells. Cells that were negative for all
markers and positive for GFP were considered Schwann cells.
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Figure 2 —. Schwann cells can be enriched from injured wild type murine sciatic nerve by FACS
with exclusion of other cell types:

Gene expression among 3 populations of cells sorted from injured murine sciatic nerve 5 or
14 days after injury. The Dump population included eosinophils (Siglec-F), lymphocytes
(CD3e, CD19), neutrophils (Ly6G), endothelial cells (CD31), red blood cells (Ter119), and
fibroblasts (Thy-1.2). Macrophages were F4/80+CD14+CD11b+CD16/32+. Presumptive
Schwann cells were sorted by excluding cells positive for all of the above markers. Schwann
cell lineage markers (a) and other genes associated with Schwann cell function and
phenotype (c-g) were enriched in the Schwann cell sort and macrophage associated genes
were enriched in the macrophage sort (b). Growth factors relevant to peripheral nerve
regeneration had lowest expression in macrophages (h). Least squares model was fit to log
transformed mRNA count data and FDR screening was applied. Significance was
determined by Tukey post-hoc analysis. Samples with the same Tukey letter are not
significantly different.
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Figure 3 —. Schwann cells and macrophages can be enriched from injured S100-eGFP murine
sciatic nerve by FACS:

Clustered gene expression among 3 cell populations from injured murine sciatic nerve 5
days after injury (n=8, 4 male, 4 female) analyzed with NanoString Schwann cell codeset (a-
e) and macrophage codeset (f-j). Genes expressed above background in at least one
population are analyzed, and the p-values for NanoString data were obtained from nSolver
software (p-value < 0.05, red lines). Clear separation of Schwann cells from the macrophage
and dump populations is identified by SC (a-c) and macrophage (f-h) lineage markers.
Clustering of p75-NTR, Sox 10, Map1b, Nrcam and MPZ genes in isolated SC using eGFP
signal compared to macrophages and dump cell population demonstrates the effectiveness of
the method. The clustering of the Cd206, Vegf and F4/80 genes in isolated macrophages
indicates macrophage enrichment using macrophage specific markers (F4/80, CD14,
CD11b, CD16/32). No significant sex effect was detected (d-e and i-j).
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Figure 4 —. Schwann cell and macrophage enrichment indicated by cell lineage markers using
S100-eGFP mice:

Gene expression among 3 populations of cells sorted from injured murine sciatic nerve 5
days after injury. The Dump population included eosinophils (Siglec-F), lymphocytes
(CD3e, CD19), neutrophils (Ly6G), endothelial cells (CD31), red blood cells (Ter119), and
fibroblasts (Thy-1.2). Macrophages were F4/80+CD14+CD11b+CD16/32+. Schwann cells
were sorted by discarding the cells positive for all of the above markers and including the
cells positive for GFP. Schwann cell lineage markers (a) and other genes associated with
Schwann cell function and phenotype (c-g) were enriched in the Schwann cell sort and
macrophage associated genes were enriched in the macrophage sort (b). Higher expression
of p75-NTR, Map1b and Nrcam genes in SC population compare to macrophages and dump,
and higher expression of Cd206, Mac2, SRAI, F4/80 and Vegf in macrophages compare to
SC and dump indicate an effective separation of SC and macrophages from other cell types.
Significance was determined by Tukey post-hoc analysis using p-value < 0.05 (n=8 mice).
Samples with the same Tukey letter are not significantly different.
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Table 1:

Antibodies for flow cytometric analysis of injured sciatic nerve samples

QP(}L%Ody/ Dilution  Fluorochrome Distributor/Cat No. Specificity
CD16/32 1:50 BV-605 BD Biosciences/563006 Pan macrophage
F4/80 1:400 PE-Cy7 eBioscience/25-4801 Pan macrophage
CD11b 1:200 Pacific Blue BioLegend/101224 Pan macrophage
CD14 1:100 PE eBioscience/12-0141 Pan macrophage
Ly6G 1:100 APC eBioscience/17-9668 Neutrophils
Siglec F 1:64 APC Miltenyi Biotec/130-102-241  Eosinophils
CD19 1:400 APC eBioscience/17-0193 B Lymphocytes
CD3e 1:800 APC eBioscience/17-0032 T Lymphocytes
Thyl.2 1:800 APC eBioscience/17/0902 Fibroblasts
CD31 1:200 APC BD Biosciences/551262 Endothelial cells
Ter119 1:200 APC eBioscience/17-5921 Red blood cells
PI 1:200 eBioscionce Viability
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Page 20

Excitation and detection settings for antibodies and conjugates used. Exclusion markers were used for analysis

of nerve samples.

Excitation laser

Antibody target Conjugate (nm) Emission Filters  Mirror
CD11b Pacific Blue 405 450/50
CD16/32 BV605 405 585/42 570LP
eGFP nla 488 515/20 505LP
CD14 PE 532 575/25
F4/80 PE-Cy7 532 780/40 740LP
Propridium iodide  n/a 532 660/20 640LP
Exclusion markers ~ APC 633 660/20
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