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Abstract

Background: In the healthy central nervous system (CNS), microglia are found in a homeostatic state and peripheral
macrophages are absent from the brain. Microglia play key roles in maintaining CNS homeostasis and acting as first
responders to infection and inflammation, and peripheral macrophages infiltrate the CNS during neuroinflammation.
Due to their distinct origins and functions, discrimination between these cell populations is essential to the
comprehension of neuroinflammatory disorders. Studies comparing the gene profiles of microglia and peripheral
macrophages, or macrophages in vitro-derived from bone marrow, under non-infectious conditions of the CNS, have
revealed valuable microglial-specific genes. However, studies comparing gene profiles between CNS-infiltrating macrophages
and microglia, when both are isolated from the CNS during viral-induced neuroinflammation, are lacking.

Methods: We isolated, via flow cytometry, microglia and infiltrating macrophages from the brains of Theiler's murine
encephalomyelitis virus-infected C57BL/6 J mice and used RNA-Seq, followed by validation with gPCR, to examine the
differential transcriptional profiles of these cells. We utilized primary literature defining subcellular localization
to determine whether or not particular proteins extracted from the transcriptional profiles were expressed at
the cell surface. The surface expression and cellular specificity of triggering receptor expressed on myeloid
cells 1 (TREM-1) protein were examined via flow cytometry. We also examined the immune response gene
profile within the transcriptional profiles of these isolated microglia and infiltrating macrophages.

Results: We have identified and validated new microglial- and macrophage-specific genes, encoding cell surface proteins,
expressed at the peak of neuroinflammation. TREM-1 protein was confirmed to be expressed by infiltrating macrophages,
not microglia, at the peak of neuroinflammation. We also identified both unique and redundant immune functions,
through examination of the immune response gene profiles, of microglia and infiltrating macrophages during
neurotropic viral infection.

Conclusions: The differential expression of cell surface-specific genes during neuroinflammation can potentially be used
to discriminate between microglia and macrophages as well as provide a resource that can be further utilized to target
and manipulate specific cell responses during neuroinflammation.
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Background

In the brain, microglial cells are resident cells of the par-
enchyma, comprising 5-20% of the non-neuronal glial
cells [1, 2]. Microglial cells arise from erythro-myeloid
precursors in the yolk sac and, during early stages of
embryonic development, migrate to the central nervous
system (CNS) [3, 4]. Known as resident macrophages of
the CNS, microglial cells perform a multitude of import-
ant functions during homeostasis and disease. In healthy
brains, microglia are found in their ramified morph-
ology, functioning as sentinels by sampling their sur-
roundings and maintaining homeostasis through the
clearance of cellular debris [5-8]. In this state, microglia
can be referred to as homeostatic microglia [9]. Add-
itionally, microglia can shift from the homeostatic to the
reactive state in response to insults that lead to inflam-
mation, such as pathogen infection of the CNS, and in
response to damage-associated molecular patterns. Re-
active microglia upregulate major histocompatibility
complex class-II (MHC-II), become phagocytic, secrete
proinflammatory cytokines, and can function as antigen-
presenting cells [9-12].

In addition to microglia, other myeloid cells such as peri-
vascular macrophages and meningeal macrophages can be
found at the boundaries between the CNS and the periph-
ery [13, 14]. Moreover, peripheral macrophages can infil-
trate into the CNS parenchyma upon the breakdown of the
blood-brain barrier as a result of CNS damage and inflam-
mation [15, 16]. Different from microglia, macrophages are
derived from monocytes, which originate from bone mar-
row hematopoietic stem cells (reviewed in [17]). Like
microglia, macrophages possess high plasticity, adapting
and changing phenotype depending on the surrounding en-
vironment, and they contribute to proinflammatory re-
sponses as well as healing responses [18, 19].

As components of the innate immune response, microglia
and macrophages are frequently associated with CNS path-
ologies such as neuroinflammation. The presence of reactive
microglia and infiltration of macrophages into the CNS are
often observed during brain inflammation (encephalitis),
Parkinson’s disease, multiple sclerosis, traumatic brain in-
jury, and brain tumorigenesis, among others [15, 20-25].
Upon activation, macrophages can acquire distinct pheno-
types such as the classically defined M1, or proinflamma-
tory, and M2, or anti-inflammatory, polarization states.
While M1 polarization correlates with the induction of
inflammation through the secretion of proinflammatory cy-
tokines such as interleukin (IL)-6 and tumor necrosis factor
(ITNF)-a, induction of the M2 phenotype results in
secretion of anti-inflammatory mediators, favoring tissue re-
pair and homeostasis [1, 5, 18, 19]. It is important to men-
tion that change in macrophage phenotype is a spectrum
and not a binary state, implying that both states can be
found simultaneously. Similarly, microglia can also acquire
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distinct phenotypes as they transition from the homeostatic
state to a more reactive state, as discussed earlier [9—12].

Due to microglia and macrophages performing unique
functions in the CNS during inflammation, discrimination
between these two cell populations is essential. For several
years, CD11b and Ibal (ionized calcium-binding adapter
molecule 1) cell surface expression molecules were used as
markers to identify these myeloid cells in the CNS; how-
ever, these markers are expressed by both macrophages and
microglia, and cannot be used to discriminate between
these two cell types [26]. Although specific microglial
markers such as P2Y purinoceptor 12 (P2ryl12) and trans-
membrane protein 119 (TMEM119) have recently been
identified by comparing gene expression profiles between
microglia and circulating monocytes [27, 28], more recent
work has demonstrated that TMEM119 is also expressed in
macrophages in the lymph nodes [29], while P2ry12 expres-
sion is decreased during microglial activation [27, 30], sug-
gesting that these markers might not be as specific for or
constitutively expressed on microglia as first thought.

Using a multiplex assay and infection with the JHM strain
of mouse hepatitis virus (JHMV), Savarin et al. [31] recently
demonstrated that bone marrow-derived macrophages and
microglia have distinct gene expression profiles during
JHMV-induced demyelination. Although this method is
quantitative and provided valuable information, this ap-
proach is limited in the types of genes that can be measured.
Furthermore, comparison of gene expression profiles, using
RNA sequencing (RNA-Seq), between microglia and infil-
trating macrophages, when both cell types are isolated from
the CNS during viral-induced neuroinflammation, has not
yet been reported. In this study, we sought to identify cell
surface markers that are uniquely expressed by infiltrating
macrophages and microglia during virus-induced brain in-
flammation and also to determine functional differences and
similarities between these two cell populations in the con-
text of the immune response. Although several groups have
used genetic and pharmacological approaches to study
microglia, these methods have resulted in contradictory
findings since these techniques were shown to non-specific-
ally target other myeloid cells, such as monocytes and mac-
rophages [32, 33].

In order to study microglial and infiltrating macrophage
populations present in the CNS during encephalitis, we
used our mouse model of viral-induced seizures/epilepsy
[34—-36]. In this model, intracerebral (i.c.) infection of
C57BL/6] mice with Theiler’s murine encephalomyelitis
virus (TMEV) results in mice experiencing acute seizures
that start on day 3, peak at day 67, and resolve by day 10
post infection. These acute seizures are characterized by
CNS infiltration of immune cells such as macrophages
and lymphocytes [15, 34—36]. We have previously deter-
mined that macrophage infiltration, more specifically IL-
6-producing macrophages [15, 22, 35, 36], but not T cell
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or neutrophil infiltration, is important for seizure develop-
ment [22]. Recently, we and others have also demon-
strated that macrophages and microglia have unique roles
in controlling viral infection in the brain [37-39].

Using this mouse model, we isolated infiltrating macro-
phages and microglia from the brains of TMEV-infected
and phosphate-buffered saline (PBS)-injected mice and,
through RNA-Seq, we identified new signature genes that
are differentially expressed by microglia and infiltrating
macrophages during neuroinflammation. Our results (a)
identified and validated genes that are uniquely expressed
at the cell surface of microglia or macrophages, which can
potentially be used to discriminate between these two cell
populations; and (b) demonstrated that microglia and
macrophages have both redundant and unique immune
response functions during neuroinflammation.

Methods

Animal experiments

Four-week-old, male C57BL/6 ] mice were obtained from
the Jackson Laboratory (Bar Harbor, ME). All animal ex-
periments were reviewed and approved by the University
of Utah Institutional Animal Care and Use Committee
(Protocols #15-08004 and #18-06006) and conducted in
accordance with the guidelines prepared by the Commit-
tee on Care and Use of Laboratory Animals, Institute of
Laboratory Animals Resources, National Research Coun-
cil. Animals were maintained at a maximum of five mice
per cage on a 12 h light/12 h dark cycle at 22 °C. Food
and water were available ad libitum. Mice were main-
tained on Teklad sterilizable rodent diet (autoclaved
diet) (cat. #8656; Harlan Laboratories, Indianapolis, IN).
All efforts were made to minimize suffering. Mice were
euthanized through an overdose of isoflurane.

TMEV infection

C57BL/6] mice were anesthetized with isoflurane by in-
halation and infected ic. with 3 x 10° plaque-forming
units (PFU) (unless stated otherwise) of the Daniels
(DA) strain of TMEV at a final volume of 20 pl per
mouse. Mice were mock-infected with 20 ul PBS as a
control. The DA strain of TMEV was propagated as pre-
viously described [40].

Flow cytometry

Mice were euthanized on the indicated days and perfused
with PBS. Brains and spleens were obtained and placed in
tubes containing PBS and kept on ice. Cells were mechanic-
ally isolated and suspended in RPMI-1640 media (Media-
tech, Herndon, VA) supplemented with 1% L-glutamine
(Mediatech), 1% antibiotics (Mediatech), 50 uM 2-mercap-
toethanol (Sigma, St. Louis, MO), and 10% Cosmic calf
serum (CCS) (Hyclone, Logan, UT). Briefly, mouse brains
were finely sliced using a razor blade and placed in a 15 ml
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Falcon tube with digestion solution [1 mg/ml of collagenase
D (Sigma), 0.1 mg/ml DNase I (Roche, Basel, Switzerland)],
and incubated for 20 min at 37 °C. Digestion solution with
cells was transferred to a petri dish and the cell suspension
was homogenized by continuous pipetting. Cells were then
transferred to a 15 ml Falcon tube with 8 ml of RPMI-1640
media supplemented with 10% CCS. Cells were washed and
isolated by centrifugation (30 min, 700xg at 4 °C) using a
continuous 37% Percoll gradient (Sigma). Cells from spleens
were mechanically isolated and further purified by incubat-
ing in ACK red blood cell lysis buffer (0.15 M NH,CI,
10 mM KHCOj;, pH 7.3). Isolated cells were washed,
counted using an automated cell counter (TC-20, BioRad,
Hercules, CA), and treated with Fc blocker (Biolegend, San
Diego, CA). Next, cells were immunostained with the
indicated anti-mouse antibodies for 30 min at 4 °C
[rat anti-mouse CD45 V500 (BD Bioscience, San Jose,
CA), rat anti-mouse CD45-phycoerythrin (PE) (BD
Bioscience), CD11b-allophycocyanin (APC) (eBioscience, San
Diego, CA), mouse triggering receptor expressed on myeloid
cells 1 (TREM-1)-PE (R&D Systems, Minneapolis, MN), CD3
Brilliant Violet (BV) 421 (Biolegend), MHC-II-PE (Biolegend),
MHC-II BV 421 (Biolegend)]. Stained cells were then ana-
lyzed by flow cytometry. Brain-derived cells were stained and
analyzed individually for each mouse. Gating was determined
by fluorescence-minus-one (FMO) with isotype-matched im-
munoglobulin control. More specifically, FMO controls con-
tained each antibody conjugate used in the experiment except
one, with the addition of the appropriate isotype control for
the excluded fluorochrome. This was performed for each
fluorochrome using TMEV-infected brain samples. Live cells
were determined by forward and side scatter fluorescence on
a BD LSRFortessa X-20 Cell Analyzer (BD Bioscience). Flow
cytometry data analysis was performed using FlowJo software
(Tree Star, Inc., Ashland, OR).

RNA isolation and library preparation for RNA-Seq

Brains were harvested and cells were isolated as described
above. Isolated cells from TMEV-infected mice or PBS-
injected mice were pooled together. Cells were FACS-sorted
(Aria Cell Sorter, BD Bioscience) and immediately stored in
1 ml of TRIzol (Invitrogen, Carlsbad, CA) at — 80 °C. Cell
sorting was performed at the Flow Cytometry Core Facility
at the University of Utah. RNA was isolated by phase separ-
ation by adding chloroform to samples in TRIzol, followed
by centrifugation (12,000xg, 15 min at 4 °C). The aqueous
phase, which contains the RNA, was transferred to a new
RNase/DNase-free tube and RNA was then precipitated
with isopropanol and glycoBlue (Invitrogen). Oligo d(T)25
magnetic beads (New England Biolabs, Ipswich, MA) were
used to enrich for polyadenylated (polyA) mRNA [41].
Briefly, purified total RNA was suspended in water and
heated for 5 min at 65 °C. One volume of 2x binding buffer
(40 mM Tris-HCL, pH 7.5, 1 M NaCl, 1% SDS, 2 mM
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EDTA, 10 mM DTT) was added to each sample and the
mix was transferred to an Eppendorf tube containing oligo
d(T)25 magnetic beads. Samples were incubated in a ther-
momixer for 30 min at 25 °C. We next washed the beads
twice using wash buffer 1 (20 mM Tris-HCl, pH 7.5,
500 mM NaCl, 0.1% SDS, 1 mM EDTA, 5 mM DTT)
followed by two washes with wash buffer 2 (20 mM Tris-
HC], pH 7.5, 500 mM NaCl, 1 mM EDTA). Beads were in-
cubated with low salt buffer (20 mM Tris-HCl, pH 7.5,
200 mM NaCl, 1 mM EDTA) and polyA RNA was eluted
with elution buffer (20 mM Tris-HCl, pH 7.5, 1 mM
EDTA). The SMARTer Stranded RNA-Seq Kit (Takara,
Mountain View, CA) was used to prepare cDNA libraries
for RNA-Seq according to the manufacturer’s protocol.
HiSeq 50 cycle single-read sequencing was performed on an
Illumina HiSeq 2500 instrument. RNA-Seq and the bioinfor-
matic analyses of the results obtained from the RNA-Seq ex-
periment were done by the High Throughput Genomics
Core Facility in the Huntsman Cancer Institute at the Uni-
versity of Utah.

Reverse transcription and quantitative PCR

TMEV-infected mice and PBS-injected mice were eutha-
nized and perfused with PBS. Brains and spleens were har-
vested and cells isolated as described above. Cells were
FACS-sorted and RNA was isolated using an RNeasy Mini
Kit (Qiagen, Chatsworth, CA). A DNase digestion was
performed on the column during the RNA purification, as
per the manufacturer’s recommendations. The RNA was
quantified with a Qubit Fluorometer (Life Technologies,
Carlsbad, CA) and stored at — 80 °C until use. cDNA was
synthesized using 100 ng of RNA and the High Capacity
c¢DNA Reverse Transcription Kit with MultiScribe Reverse
Transcriptase (Applied Biosystems, Waltham, MA), in a
20 ul reaction volume. The quantitative PCR (qPCR) amp-
lification reaction was performed in a 12 ul final volume
reaction containing 6 pl of PowerUp SYBR green 2x Mas-
ter Mix (Applied Biosystems), 1.5 pl of primers (0.5 uM)
(Additional file 2: Table S1), 2 ul of diluted ¢cDNA, and
2.5 ul of water. The amplification reaction was performed
in a QuantStudio 6 (Applied Biosystems) LightCycler,
using the following parameters: 50 °C for 2 min, 95 °C for
10 min, 1 cycle; 95 °C for 15 s, 55 °C for 15 s, and 72 °C
for 1 min, 50 cycles, followed by a melting curve that was
generated by heating from 60 to 95 °C with a ramp rate of
0.05 °C per second, with continuous measurement of the
fluorescence. Reactions were performed in duplicate in at
least two independent experiments. Relative expression
levels were determined by the standard curve method
using P-actin as an endogenous control for normalization.

Differential gene expression analysis
The mouse GRCm38 FASTA and GTF files were down-
loaded from Ensembl release 94 and the reference database

Page 4 of 20

was created using STAR version 2.6.1b [42] with splice
junctions optimized for 50 base-pair reads. Reads were
trimmed of adapters using cutadapt 1.16 [43] and then
aligned to the reference database using STAR in two pass
mode to output a BAM file sorted by coordinates. Mapped
reads were assigned to annotated genes in the GTF file
using featureCounts version 1.6.3 [44]. The output files
from cutadapt, FastQC, Picard CollectRnaSeqMetrics,
STAR, and featureCounts were summarized using MultiQC
[45] to check for any sample outliers. Differentially
expressed genes were identified using a 5% false discovery
rate with DESeq2 version 1.20.0 [46]. Significant genes
overlapping gene sets, pathways, and curated studies were
analyzed using Illumina’s BaseSpace Correlation Engine
(http://www.illumina.com). Identification of significantly
enriched pathways in the REACTOME database was con-
ducted using the Gene Set Enrichment Analysis (GSEA)
preranked tool [47, 48] (http://www.gsea-msigdb.org/gsea/
index.jsp).

Statistical analysis

Statistical analyses were performed using Prism 5 soft-
ware (GraphPad, San Diego. CA). The two-tailed, non-
paired Student’s ¢ test was used for comparison of two
groups. Differences were considered to be statistically
significant at p < 0.05.

Results

Isolation and identification of microglial and infiltrating
macrophage populations in the mouse brain during viral
infection

To characterize microglia and infiltrating macrophages
in relation to their gene expression profiles during brain
inflammation and to determine functional differences
between these cell populations, C57BL/6 ] mice were i.c.
infected with TMEV (total of 30 mice) or PBS-injected
(total of 40 mice) and euthanized at 6 days post infection
(d.p.i.), the peak of disease. Brains were harvested and
cells isolated by Percoll gradient centrifugation. Isolated
cells were next stained with antibodies, and microglia
and infiltrating macrophages were cell-sorted using flow
cytometry based on CD45 and CD11b levels of expres-
sion; microglia are defined as CD45'/™ CD11b* and
macrophages as CD45™ CD11b* [49]. The characteristic
expression of CD11b and CD45 by microglia and infil-
trating macrophages is demonstrated in Fig. la. As ex-
pected, a significantly higher percentage of infiltrating
macrophages was found in the brains of TMEV-infected
mice compared to PBS-injected mice upon quantifica-
tion (p <0.01, df = 3, Student’s ¢ test) (Fig. 1b).

Analysis of the expression of the MHC-II molecule on
microglia and infiltrating macrophages was used to
determine the activation status of these two cell popula-
tions [15, 50]. While the microglia of PBS-injected mice
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Fig. 1 Identification/characterization of microglia and infiltrating macrophages within the brains of TMEV-infected and PBS-injected mice. a
Representative flow cytometry plots showing microglia (CD45"" CD11b"), macrophages (CD45™ CD11bY), and lymphocytes (CD45" CD11 plo/inty
isolated from the brains of PBS-injected and TMEV-infected mice at 7 days post infection (d.p.i.). b Quantification of macrophage infiltration into
the brains of TMEV-infected (n = 15) and PBS-injected (n = 4) mice at 7 d.p.i. Data represents the mean + standard error of the mean (SEM). c
Major histocompatibility complex class-Il (MHC-I) expression on microglia and macrophages at 7 d.p.i. Gates were set according to FMO as
described in the “Methods” section. Student's ¢ test, **p < 0.01, degrees of freedom (df) =3

showed a low level of MHC-II expression at 7 d.p.i.,
microglia and infiltrating macrophages of TMEV-in-
fected mice expressed a high level of MHC-II at 7 d.p.i,
demonstrating that these cells are activated toward an
inflammatory phenotype (M1) (Fig. 1c). Based on the ex-
pression of the activation marker MHC-II, macrophages
and microglia isolated from the brains of TMEV-infected
mice are henceforth referred to as infiltrating macro-
phages and reactive microglia, respectively, whereas
microglia isolated from the brains of PBS-injected mice
are referred to as homeostatic microglia.

Reactive microglia and infiltrating macrophages have

distinct gene profiles following TMEV infection of the CNS
We next compared the transcriptional profiles of infiltrat-
ing macrophages, reactive microglia, and homeostatic
microglia. RNA was extracted from the sorted cells and
enriched for polyA+ mRNA, which was then used to
synthesize ¢cDNA libraries that were subjected to RNA-

Seq. A principal component analysis (PCA) was con-
ducted (R studio) using normalized Log2 values from the
top 500 variable genes. Based on the expression profiles,
we found that infiltrating macrophages, reactive microglia,
and homeostatic microglia cluster distantly from each
other (data not shown), suggesting that these cells have
distinct gene expression profiles. Volcano plots illustrating
genes that are highly and differentially expressed in infil-
trating macrophages relative to homeostatic microglia, in-
filtrating macrophages relative to reactive microglia, and
reactive microglia relative to homeostatic microglia are
depicted in Fig. 2a—c, respectively.

Comparison of the gene expression profiles between
homeostatic microglia and infiltrating macrophages
(Fig. 2a), and reactive microglia and infiltrating macro-
phages (Fig. 2b) revealed that, besides C-C motif chemo-
kine receptor 2 (Ccr2), lymphocyte antigen 6 complex,
locus C2 (Ly6¢2), and lysozyme 2 (Lyz2), which are genes
normally found to be expressed in macrophages, infiltrating
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Fig. 2 Microglia and infiltrating macrophages in the CNS have distinct gene profiles during neuroinflammation. Volcano plots of differential gene
expression profiles showing the magnitude on the x-axis (Log2 fold change) and significance on the y-axis (-Log10 adjusted p value) for a
infiltrating macrophages relative to homeostatic microglia, b infiltrating macrophages relative to reactive microglia, and ¢ reactive microglia
relative to homeostatic microglia. Upright arrows indicate set of genes upregulated in microglia or macrophages. Adjusted p value < 0.05 and a
Log2 fold change > 2 are considered statistically significant. REACTOME pathway analysis for genes upregulated in infiltrating macrophages (d)

macrophages also expressed, among other genes, vimentin
(Vim), which is a protein secreted by activated macro-
phages; interferon-activated gene 204 (Ifi204), which is the
murine ortholog of human Ifil6 and is induced by inter-
feron; S100 calcium binding protein A10 (S100a10), that
has been shown to be important for macrophage migration
[51]; and methionine sulfoxide reductase (Msrbl), which
plays a role in actin polymerization, redox metabolism and,
recently, has been shown to be important for the induction
of anti-inflammatory cytokines by macrophages [52]. Fur-
thermore, we found that canonical microglial signature
genes such as P2ry12, Fc receptor-like S (Ferls), and solute
carrier family 2, facilitated glucose transporter member 5
(Slc2a5) were upregulated in homeostatic microglia com-
pared to infiltrating macrophages (Fig. 2a). However, when
we compared gene expression profiles of infiltrating macro-
phages with reactive microglia (Fig. 2b), transcripts of
P2ry12 and Fcrls seemed to be expressed at lower levels
compared to homeostatic microglia (Fig. 2a), suggesting
that microglial activation modulates expression of micro-
glial signature genes.

To determine representative pathways that are signifi-
cantly induced by differentially expressed genes, we con-
ducted GSEA [47, 48] using the REACTOME database.
The ten most significantly enriched pathways for infil-
trating macrophages and reactive microglia are depicted
in Fig. 2d, e, respectively. Whereas several distinct path-
ways were found to be enriched either in infiltrating
macrophages or reactive microglia, interferon signaling
was upregulated in both of these cell populations. Class
A1 rhodopsin-like receptors, which are the largest group
of G protein-coupled receptors (GPCRs), cytokine, and
chemokine signaling were also enriched in infiltrating
macrophages (Fig. 2d). Interestingly, we found cell cycle-
related genes to be highly enriched in reactive microglia
(Fig. 2e) but not in infiltrating macrophages (Fig. 2d).
This agrees with the fact that upon activation, microglia
undergo biochemical changes that allow these cells to
rapidly proliferate. Furthermore, activation of microglia
and macrophages allows these cells to initiate an
immune response, which includes the production of che-
mokines and cytokines that results in further activation
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of other immune cells of the innate and adaptive im-
mune responses.

To identify proteins uniquely expressed in infiltrating
macrophages or in microglia (homeostatic and reactive),
we used the BaseSpace correlation engine (Illumina) and
performed analyses on the gene expression profiles gen-
erated from our RNA-Seq datasets. A schematic of the
workflow for our analyses is shown in Fig. 3. We se-
lected genes that appeared only in infiltrating macro-
phages or in microglia but were not expressed in both
cell populations. A total of 1420 genes were identified to
be exclusively expressed in infiltrating macrophages and
1326 genes were found to be uniquely expressed in
microglia, suggesting that although these cell popula-
tions have many similarities, they are in fact significantly
distinct from each other. Finally, we sorted these genes
based on the fold change into 50 highly expressed genes
specific to infiltrating macrophages (Fig. 4a) or to micro-
glia (Fig. 4b, c).

Among the most highly expressed genes found in
infiltrating macrophages were membrane-spanning 4-
domains, subfamily A, member 8A (Ms4a8a); arginase,
type II (Arg2); and Trem-1 (Fig. 4a). Interestingly,
TREM-1 protein expression in macrophages is associ-
ated with amplification of the inflammatory immune re-
sponse and secretion of proinflammatory cytokines, such
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as IL-6 [53]. Additionally, while Arg2 seems to have a
dual role in both M1 and M2 macrophages, expression
of Ms4a8a is related to the induction of M2 macro-
phages [54]. Furthermore, we found Ly6c2 and Ccr2,
both of which are associated with M1 (inflammatory)
macrophages, to be highly expressed in infiltrating mac-
rophages (Fig. 4a, blue asterisk). These results suggest
that, at least at 6 d.p.i., there is a heterogeneous popula-
tion of proinflammatory and anti-inflammatory macro-
phages in the CNS. Since we found genes associated
with M2 macrophages to be highly expressed at this
time-point, it suggests that either infiltrating macro-
phages are acquiring an anti-inflammatory phenotype by
altering their polarization, or anti-inflammatory macro-
phages are infiltrating the CNS.

Among the differentially and highly expressed microglial
genes, we found canonical signatures such as Slc2a5, Fcrls,
spalt-like transcription factor 1 (Salll), and P2ry12 (Fig. 4b,
¢, red asterisk) [27, 28, 55]. Sialic acid-binding immuno-
globulin-type lectin H (SiglecH), a specific microglia marker
[56] that was suggested to be expressed when these cells
are polarized toward the inflammatory phenotype, was also
highly expressed by reactive microglia in our assay (Fig. 4c).
Therefore, our results widely identified distinct genes that
are differentially and specifically expressed by microglia and
infiltrating macrophages during neuroinflammation.

RNAseq datasets

macrophages
vs
homeostatic microglia

macrophages

reactive microglia

homeostatic microglia
vs
reactive microglia

N

Genes commonly upregulated
in macrophages (but not in microglia)

1420 macrophage-specific genes

v

200 upregulated macrophage-specific

genes \

De-Seq genes

I<_I

BaseSpace

Expressed at the
Cell Surface

Fig. 3 Scheme demonstrating the workflow for samples and different methods used to perform RNA-Seq analysis. Differentially expressed genes
determined via RNA-Seq were further analyzed using the BaseSpace correlation engine to identify genes that were uniquely upregulated in
infiltrating macrophages (1420 genes) or in microglia (1326 genes). Next, we determined which gene products were expressed at the cell surface
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genes known to be specifically expressed in microglia. Analysis was performed using the BaseSpace correlation engine

qPCR of selected cell surface markers to distinguish
between infiltrating macrophages and microglia in the
CNS following viral infection

Since we were interested in identifying unique cell sur-
face markers that could be used to distinguish microglia
from infiltrating macrophages in the CNS, we next de-
termined which gene products were possibly expressed
at the cell surface (Fig. 3). Although most of the avail-
able online databases can predict trans-membrane pro-
teins, the accurate cellular localization (whether the
protein is expressed at the cell surface) is not precise.
Therefore, we utilized primary literature to define
subcellular localization to determine whether or not a

particular protein was expressed at the cell surface. We
selected a total of 50 gene candidates that were all cell
surface molecules of either infiltrating macrophages or
microglia (Table 1) and we performed qPCR to further
validate our findings. Microglia and infiltrating macro-
phages were isolated and cell-sorted from the brains of
TMEV-infected and PBS-injected mice as described
above. We also cell-sorted infiltrating lymphocytes
(CD45* CD11b"™™ from the brains and T cells (CD45"
CD3") from the spleens of TMEV-infected or PBS-
injected mice for use as internal specificity controls,
allowing us to determine whether or not selected genes
were expressed in microglia or infiltrating macrophages
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Table 1 List of 50 cell surface candidate genes specifically expressed by microglia or infiltrating macrophages

Microglia cell surface enriched genes

Macrophage cell surface enriched genes

Gene symbol Gene name Gene symbol Gene name
Ecscr Endothelial cell surface expressed chemotaxis Ecm] Extracellular matrix protein 1
and apoptosis regulator
Scamp5 Secretory carrier membrane protein 5 Emb Embigin
Ptprm Protein tyrosine phosphatase, receptor type M Slco3al Solute carrier organic anion transporter
Family member 3a1
Kend1 Potassium voltage-gated channel subfamily Empl Epithelial membrane protein 1
D, member 1
Sdk1 Sidekick cell adhesion molecule 1 Ms4a7 Membrane spanning 4-domains A7
Clstn1 Calsyntenin-1 Gpri32 G protein-coupled receptor 132
Sgce Sarcoglycan epsilon Pdpn Podoplanin
Sle12a2 Solute carrier family 12, member 2 Alcam Activated Leukocyte Cell Adhesion
Molecule
Cadm1 Cell adhesion molecule 1 Ms4a6d Membrane-spanning 4-domains,
subfamily A, member 6a
Semad4g Semaphorin 4G Msr1 Macrophage scavenger receptor-1
Pros1 Protein S Kenn4 Potassium calcium-activated channel
subfamily N, member 4
Slco2b1 Solute carrier organic anion transporter family, Scarf1 Scavenger receptor class F member 1
member 2b1
Rtn4rl1 Reticulon 4 Receptor Like 1 Antxr2 Anthrax toxin receptor 2
Cmtm4 CKLF-like MARVEL transmembrane domain- Fam26f Calcium homeostasis modulator family,
containing protein 4 member 6
Fat3 Fat atypical cadherin 3 Ms4a8a Membrane-spanning 4-domains subfamily
A, member 8A
Smo Smoothened homolog Wrdc17 Activated macrophage/microglia WAP
domain protein
Mrc2 Mannose receptor C type 2 Lilr4b Leukocyte immunoglobulin-like receptor,
subfamily B, member 48
Jam2 Junctional adhesion molecule 2 Trem-1 Triggering receptor expressed on myeloid cells 1
Plxna4 Plexin A4 Gpri41 Probable G-protein coupled receptor 141
Slc46al Solute carrier family 46, member 1 Clec4e C-type lectin domain family 4, member E
Agmo Alkylglycerol monooxygenase (Tmem195) Sirpbla SIRP-beta B-type
Gpri65s G protein-coupled receptor 165 Bst1 Bone marrow stromal cell antigen 1
Tmem204 Transmembrane Protein 204 Lilra6 Leukocyte immunoglobulin-like receptor
subfamily A member 6
P2ry12 P2Y purinoceptor 12 Slfn4 Schlafen-4
Ifitm6 Interferon-induced transmembrane protein 6
lggap2 |Q motif-containing GTPase activating protein 2

Cell surface localization of microglia- (left) or infiltrating macrophage- (right) specific gene products was determined using primary literature

but not expressed in other cell populations. RNA was
isolated from each cell population and used to perform
qPCR. Notably, in addition to P2ry12, we found sidekick
cell adhesion molecule 1 (Sdkl), endothelial cell surface
expressed chemotaxis and apoptosis regulator (Ecscr),
sarcoglycan epsilon (Sgce), solute carrier family 12 mem-
ber 2 (Slc12a2), Semaphorin 4G (Semad4g), smoothened
homolog (Sm0), mannose receptor C type 2 (Mrc2), pro-
tein tyrosine phosphatase, receptor type M (Ptprm),

potassium voltage-gated channel subfamily D member 1
(Kendl), protein S (Prosl), solute carrier organic anion
transporter family member 2B1 (Slco2bI), solute carrier
family 46 member 1 (Slc46a1l), junctional adhesion mol-
ecule 2 (Jam?2), and Plexin A4 (Plxna4) to be exclusively
expressed in microglia (Fig. 5a and Additional file 1:
Figure S1A). Notably, with the exception of P2ryl2,
Mrc2, and Prosl, all the other transcripts have not been
previously described or confirmed by qPCR as being
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(See figure on previous page.)

Fig. 5 Validation of gene expression of microglial- and macrophage-specific genes. a Level of mRNA expression of microglial-specific genes. b
Level of mRNA expression of macrophage-specific genes. Cells obtained from the brains of TMEV-infected (n = 10) and PBS-injected (n = 20) mice,
and from the spleens of TMEV-infected (n =5) and PBS-injected (n =5) mice were cell-sorted as follows: microglia (CD45' M CD11b"),
macrophages (CD45™ CD11b"), brain lymphocytes (CD45" CD11b'™), and splenic T cells (CD45" CD3"). RNA was extracted and quantified by
gPCR. Levels were normalized to (3-actin. Data are presented as means + standard deviation. Shown is one of two independent experiments

expressed in microglia. Intriguingly, all identified genes
were downregulated after microglial activation.

Furthermore, we found that Ms4a8a, Schlafen 4 (Sifn4),
Trem-1, interferon-induced transmembrane protein 6
(Ifitm6), leukocyte immunoglobulin-like receptor subfamily
A, member 6 (Lilra6), SIRP-beta B-type (Sirpbla), and C-
type lectin domain family 4, member E (Clec4e) (Fig. 5b)
were specifically expressed by infiltrating macrophages.
Macrophage scavenger receptor 1 (Msrl) is predominantly
expressed by infiltrating macrophages but a small induction
is also observed in reactive microglia (Fig. 5b). Potassium
calcium-activated channel subfamily N member 4 (Kcnn4)
and membrane-spanning 4-domains, subfamily A, member
6A (Ms4a6d), among other genes (Additional file 1: Figure
S1B), were not uniquely expressed by microglia or infiltrat-
ing macrophages. Altogether, our results identified new
gene markers that are specifically expressed by microglia or
by infiltrating macrophages during viral encephalitis.

TREM-1 is expressed by CNS-infiltrating macrophages

Since Trem-1 expression in the brains of TMEV-infected
mice occurs specifically in infiltrating macrophages (Fig. 5b),
we sought to confirm these results looking at TREM-1 pro-
tein expression by flow cytometry. C57BL/6 ] mice were i.c.
infected with TMEV and brains were harvested at 3 and 7
d.p.i. Cells were isolated and microglia, infiltrating macro-
phages, and lymphocytes were identified based on CD45
and CD11b levels of expression (Fig. 6a). TREM-1 staining
suggested that TREM-1-positive cells were infiltrating mac-
rophages (Fig. 6b). In order to confirm that infiltrating mac-
rophages were the TREM-1 expressing cells in the CNS, we
performed, on our flow cytometry plots, T-stochastic neigh-
bor embedding (t-SNE) analysis (FlowJo) which highlights
the relationship between cell clusters. We then overlaid
each gated cell population manually, allowing us to clearly
visualize microglia, infiltrating macrophages, and lympho-
cytes, demonstrating that indeed a specific subpopulation
of infiltrating macrophages expressed TREM-1 (Fig. 6c,
green population over blue). While there is a significantly
higher percentage of infiltrating macrophages in the brains
of TMEV-infected mice at 7 d.p.i. than at 3 d.p.i. (p <0.01,
df =5, Student’s ¢ test) (Fig. 6d), we found that the percent-
age of TREM-1-expressing macrophages was significantly
increased at 3 d.p.i. compared to 7 d.p.i. (p<0.05, df=5,
Student’s ¢ test) (Fig. 6e) and the ratio of TREM-1/infiltrat-
ing macrophages was also significantly higher at 3 d.p.i.
than at 7 dpi. (p<0.01, df =5, Student’s ¢ test) (Fig. 6f).

Taken together, our flow cytometry results show that
TREM-1 expression is specific to infiltrating macrophages
during virally induced neuroinflammation, thereby validat-
ing our RNA-Seq and qPCR data. Notably, since TREM-1
expression is correlated with induction of M1 macrophages
and amplification of inflammatory cytokines [57, 58], lower
expression of TREM-1 at day 7 compared to day 3 suggests
a shift toward an anti-inflammatory phenotype. However,
whether this alteration in the inflammatory response is as-
sociated with macrophage polarization or an increase in
anti-inflammatory macrophages infiltrating into the CNS is
currently unknown.

Microglia and infiltrating macrophages display functional
differences and similarities in the immune response gene
profile

Microglia and infiltrating macrophages are both derived
from the myeloid lineage and they perform a variety of
functions in order to respond to CNS pathological insults
and to maintain CNS homeostasis [8]. Proper activation
and function of these cells are required in order to elicit in-
nate and adaptive immune responses. Although both mac-
rophages and microglia are part of the innate immunity,
little is known about the similarities and differences be-
tween these two cell populations in the context of how they
orchestrate immune responses. To gain insight into this
question, we used the BaseSpace correlation engine to de-
termine immune response genes that were upregulated in
microglia and infiltrating macrophages during neuroinflam-
mation. We first compared the gene expression profiles of
infiltrating macrophages and homeostatic microglia to the
immune response database, and we found 201 genes that
overlapped with the immune response genes in the data-
base (Fig. 7a). While expression of growth arrest specific 6
(Gas6), C-X3-C motif chemokine receptor 1 (Cx3crl), and
interleukin 1 receptor like 2 (l[1rl2) was enriched in
homeostatic microglia relative to infiltrating macrophages
(Fig. 7b), expression of granzyme B (Gzmb), interleukin 2
receptor subunit alpha (/[2ra), nitric oxide synthase 2
(Nos2), and 2’-5'-oligoadenylate synthetase 3 (Oas3) was
specifically enriched in infiltrating macrophages relative to
homeostatic microglia (Fig. 7c). Similarly, we compared the
gene expression profiles of infiltrating macrophages and re-
active microglia to the immune response database and
found 152 genes that overlapped with the immune re-
sponse genes in the database (Fig. 7d). Clec4e, C-type lectin
domain family 4 member D (Clec4d), toll-like receptor 8
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described in the "Methods” section

Fig. 6 TREM-1 is expressed by infiltrating macrophages. C57BL/6 J mice were intracerebrally infected with TMEV or PBS-injected and mice were
euthanized at 3 d.p.i. a Cells were isolated and microglia (CD45'M CD11b"), macrophages (CD45" CD11b"), and lymphocytes (CD45*
CD116""™ were identified by flow cytometry. b Schematic flow plot of TREM-1 expressing cells in PBS-injected and TMEV-infected brains. ¢
Overlay of manually gated microglia, macrophages, lymphocytes, and TREM-1-expressing cells, demonstrating TREM-1 is exclusively expressed in
infiltrating macrophages. d Quantification of macrophages (CD45™ CD11b*) in the brains of TMEV-infected mice at 3 and 7 d.p.. e Percentage of
TREM-1-expressing cells in the brains of TMEV-infected mice at 3 and 7 d.p.i. f Quantification of TREM-1-expressing macrophages in the brains of
TMEV-infected mice at 3 and 7 d.p.i. d—f n=6 mice per group; Student's t test, *p < 0.05,**p < 0.01, df = 5. Gates were set according to FMO as

(TIr8), and Ccr2 were among the highly expressed genes
enriched in infiltrating macrophages relative to reactive
microglia (Fig. 7e). In contrast, we found the expression of
bone morphogenetic protein receptor type 1A (Bmprla),
interleukin 12B (/l12b), Gas6, and others to be enriched in
reactive microglia relative to infiltrating macrophages
(Fig. 7f). Lastly, we performed a similar analysis comparing
the gene expression profiles of reactive microglia and
homeostatic microglia to the immune response database
(Fig. 7g). We found a total of 108 genes that overlapped
with the immune response genes present in the database.
Integrin subunit alpha L (I#gal), interleukin 12 receptor sub-
unit beta 1 (//12rbI), and C-C motif chemokine ligand 5
(Ccl5) were among the most highly differentially expressed
genes in reactive microglia (Fig. 7h), whereas only a few
genes were differentially expressed by homeostatic micro-
glia (Fig. 7i). Since microglial activation is a hallmark of
most neuroinflammatory diseases, genes that are highly
expressed by these reactive cells might be useful biomarkers
of neuroinflammation, particularly in the case of secreted
proteins.

In order to determine whether microglia and infiltrat-
ing macrophages have unique or redundant functions in
immunity, we compared the immune-related gene ex-
pression profiles of these two cell populations. First, to
determine immune genes that were uniquely upregu-
lated by infiltrating macrophages, we compared the im-
mune-related gene expression profile of infiltrating
macrophages with that of homeostatic microglia and re-
active microglia individually. Genes that were communal
in both comparisons were selected as infiltrating macro-
phage (total of 93). Second, to determine genes that
were expressed by reactive microglia, we compared
genes that were upregulated by reactive microglia com-
pared to homeostatic microglia (total of 93). Using a
Venn diagram, we found 43 immune genes that were
specifically expressed by infiltrating macrophages, 43 im-
mune genes that were uniquely expressed by reactive
microglia, and 50 immune genes that were commonly
expressed in both infiltrating macrophages and reactive
microglia (Fig. 8a). A comprehensive list of these genes
is given in Fig. 8b. Although MHC-II genes are shown to
be uniquely expressed by reactive microglia, this is a re-
sult of the biases of our analysis method. MHC-II genes

are induced in infiltrating macrophages when compared
to homeostatic microglia (Fig. 7h). This result suggests
that microglia and infiltrating macrophages share com-
mon functions in the context of the immune response
but also that these cells display specialization, as demon-
strated by genes that are specifically expressed in one
cell population or the other.

Discussion
This study differs in several ways from valuable recently
published works on microglia and infiltrating macro-
phages [27, 31, 59-61]. First, we isolated cells from the
brains of mice during neuroinflammation induced by a
viral infection. Second, microglia and infiltrating macro-
phages were both isolated from the CNS of virally in-
fected mice instead of using macrophages obtained from
the periphery or macrophages in vitro-derived from bone
marrow. Since the tissue environment plays an important
role in shaping both the phenotype and function of mac-
rophages, it stands to reason that it also modulates the
gene expression profile of macrophages. Therefore, we
would argue that it is particularly important, when com-
paring these two cell populations, to obtain them from the
same tissue and, if possible, the same mouse. Third, be-
sides just describing our RNA-Seq results and Log2 fold
changes, we have also confirmed and quantified the ex-
pression of our candidate genes by qPCR. Fourth, we con-
firmed the specificity of the expression of particular genes
in infiltrating macrophages or microglia (in homeostatic
and reactive states) by also analyzing gene expression in
lymphocytes isolated from brains during neuroinflamma-
tion, and/or in splenic T cells isolated from TMEV-in-
fected and PBS-injected mice. Not surprisingly, some of
our candidate genes, when analyzed by qPCR, were found
to also be expressed in cells other than infiltrating macro-
phages and microglia (Additional file 1: Figure S1B).
Although an exceptional study performed under physio-
logical and aging conditions highlighted genes used by
microglia for sensing changes in the CNS [62], a compari-
son between microglial and macrophage “sensomes” during
neuroinflammation had not yet been performed. Here, we
have found that reactive microglia and infiltrating macro-
phages have both redundant and also distinct functions in
relation to the expression of immune genes during virally
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Fig. 7 Immune response genes that are upregulated in microglia and infiltrating macrophages during neuroinflammation. Using the BaseSpace
correlation engine, we identified a 201 immune response genes that were differentially expressed in the analysis comparing infiltrating macrophages
from TMEV-infected brains vs homeostatic microglia from PBS-injected brains. Fold change of the 20 most highly enriched immune response genes in
b homeostatic microglia relative to infiltrating macrophages; ¢ infiltrating macrophages relative to homeostatic microglia. d 152 immune response
genes that were differentially expressed in the analysis comparing infiltrating macrophages from TMEV-infected brains vs reactive microglia from
TMEV-infected brains. Fold change of the 20 most highly enriched immune response genes in e infiltrating macrophages relative to reactive microglia;
f reactive microglia relative to infiltrating macrophages. g 108 immune response genes that were differentially expressed in the analysis comparing
reactive microglia from TMEV-infected brains vs homeostatic microglia from PBS-injected brains. h Fold change of the 20 most highly enriched
immune response genes in reactive microglia relative to homeostatic microglia. i Fold change of the few enriched immune response genes found in
homeostatic microglia relative to reactive microglia. All analyses were performed using the BaseSpace correlation engine

induced neuroinflammation. One of the most important
mediators of inflammation is cytokines. We found that both
cell populations shared in their ability to express interleukins

Il-1b and II-27. While IL-1b played a role in promoting in-
flammatory reaction in the CNS, IL-27 seemed to
antagonize the inflammatory response by promoting IL-10
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Fig. 8 Functional differences and similarities in the microglial and macrophage immune response gene profiles during neuroinflammation. a
Venn diagram of the immune response genes in infiltrating macrophages and reactive microglia that were identified in Fig. 7. Overlapping
circles represent genes that are upregulated in both infiltrating macrophages and reactive microglia. b List of genes from the Venn diagram
that are exclusively expressed by infiltrating macrophages (blue column), microglia (light yellow column), and by both cell populations (dark
yellow column). Venn diagram was created using http://bioinfogp.cnb.csic.es/tools/venny/

production (reviewed in [63]). Importantly, administration
of IL-27 inhibited neuroinflammation and modulated dis-
ease development in an experimental autoimmune enceph-
alomyelitis (EAE) model of demyelinating disease [64].
Chemokine ligands, such as Ccl2, Ccl5, Ccl7, and Ccl8, as
well as Cxcl10 and Cxcl16, were also commonly expressed
by infiltrating macrophages and microglia. CCL2 and CCL7
proteins were required for efficient infiltration of macro-
phages into the CNS [65], while CXCL10 played a role in
the recruitment of lymphocytes from the periphery, mediat-
ing CNS inflammation. Furthermore, CCL5 modulated
microglial activation toward an inflammatory state, increas-
ing the production of nitric oxide and inhibiting the anti-in-
flammatory cytokine IL-10 [66]. We also found that the
genes for guanylate-binding proteins (Gbp3, Gbp4, GbpsS,
Gbp7, and Gbp9) were commonly expressed by reactive
microglia and infiltrating macrophages. Gbps are a family of
GTPase proteins induced by interferon which critically or-
chestrate the innate immune response.

We found that complement genes such as Clra, C2,
C4b, and Maspl were expressed by reactive microglia. Ac-
tivation of the complement system in the CNS can result
in substantial secretion of inflammatory molecules result-
ing in neuroinflammation [67]. Furthermore, microglia
were demonstrated to be a source for Sema4A in the
CNS, and higher levels of Sema4A were found in multiple
sclerosis plaques compared to control tissue [68], suggest-
ing a role for this protein in neuroinflammation. Earlier
published studies demonstrated that TNF was specifically
expressed by reactive microglia but not by infiltrating
macrophages in the CNS [15, 69]. Our analyses confirmed
that Tnf was indeed found in microglia but not in macro-
phages, highlighting the specific induction of immune
genes by these two different myeloid cells. Importantly,
while low levels of TNF were important to maintain
homeostatic functions within the CNS, increased expres-
sion of TNF was often associated with inflammation [70],
as observed in many neuroinflammatory conditions such
as Alzheimer’s disease, seizures, traumatic brain injury,
and others [ [71], reviewed in [72]].

Interestingly, our analysis also demonstrated that /-6
was specifically expressed by infiltrating macrophages,
but not by reactive microglia, in the brains of infected
mice. This agrees with previously published work from
our lab, where we demonstrated, through chimeric mice,
that IL-6 cytokine in the brain of TMEV-infected mice
was mostly produced by infiltrating macrophages [15].

Like TNE, increased levels of IL-6 in the CNS were seen
during neuroinflammatory conditions [73]. Besides II-6,
II-10 and II-15 were found to be exclusively expressed
by infiltrating macrophages. We also found that C-type
lectins, such as Clec4d, Clec4e, and Clec4n, were
expressed by infiltrating macrophages. Importantly, Min-
cle (Clec4e) has been suggested to play a role in the re-
cruitment of inflammatory cells into the CNS [74, 75].

Our search for microglial- and macrophage-specific cell
surface markers through RNA-Seq revealed that P2yri2,
Mrc2, and Prosl were specifically expressed by microglia
(Fig. 5a). These are known to be highly expressed micro-
glial genes and the presence of these genes specifically in
microglia validates our assay. In addition, our results iden-
tified previously unreported cell surface molecules that
were uniquely expressed by microglia, such as Sdk1, Ecscr,
Sgce, Slci12a2, Semadg, Smo, Ptprm, Kcndl, Slco2bl,
Slc46al, Jam?2, and Plxna4 (Fig. 5a and Additional file 1:
Figure S1A). Interestingly, homeostatic —microglia
expressed higher levels of most of the genes analyzed in
this study compared to reactive microglia, and further
studies will be required to determine the relevant function
of these proteins in the context of microglial biology. Add-
itionally, we showed for the first time, that in addition to
Msrl (previously shown to be highly expressed in infiltrat-
ing macrophages compared to microglia [55]), Sifn4,
Ms4a8a, Trem-1, Ifitm6, Lilra6, Sirpbla, and Clecde were
all specifically expressed by infiltrating macrophages in
the brain during neuroinflammation (Fig. 5b). These find-
ings demonstrate new cell surface molecules that can po-
tentially be used as markers to discriminate between
microglia and infiltrating macrophages.

With a total of 18 members [76], the MS4A family of
proteins is characterized by a predicted four transmem-
brane helix-spanning structure, with amino- and carboxy-
terminal cytoplasmic domains. Although MS4A proteins
have been suggested to function as cell surface signaling
molecules and intracellular adaptor proteins, their function
is not fully understood [76-78]. Importantly, some mem-
bers of the MS4A family have been associated with several
diseases such as atopy, Alzheimer’s disease, and arthritis
[79, 80]. Recently, membrane-spanning 4-domains, subfam-
ily A, member 7 (Ms4a7) was shown to be expressed in
microglia and brain border macrophages [55, 59, 60]. Simi-
larly, in our study, we found Ms4a7 (data not shown) and
Ms4a6d (Additional file 1: Figure S1B) expression in the
microglia and infiltrating macrophages from TMEV-


http://bioinfogp.cnb.csic.es/tools/venny/

DePaula-Silva et al. Journal of Neuroinflammation (2019) 16:152

infected mouse brains. We also showed, for the first time,
that another member of the MS4A family, Ms4a8a, was
predominantly expressed in macrophages that infiltrate the
CNS but not in microglia (Fig. 5b). Interestingly, MS4A8A
was identified as a protein expressed by tumor-associated
macrophages and its expression seemed to be a marker for
M2 macrophages [54, 78]. Although further studies will be
needed to understand the exact function of these proteins,
the results presented here suggest that specific MS4A pro-
teins might play distinct roles in infiltrating macrophages
and microglia during neuroinflammation.

Our flow cytometry analysis confirmed that TREM-1
was uniquely expressed by infiltrating macrophages in
the CNS (Fig. 6). TREM-1 is a cell surface receptor from
the TREM family, which is composed of activating and in-
hibitory receptors [81, 82]. TREM-2, which was initially
characterized as an inhibitory receptor, is expressed by
microglia [62, 83—85], whereas TREM-1 is involved in acti-
vation and amplification of the inflammatory immune re-
sponse and is expressed in myeloid cells [86, 87]. TREM-1
can be found in two different forms: membrane-bound and
as a soluble receptor (STREM-1). A growing body of litera-
ture supports a role for TREM-1 in several inflammatory
diseases, such as atherosclerosis, myocarditis, diabetes, and
others [58, 80, 88, 89]. TREM-1 activation was correlated
with induction and amplification of proinflammatory cyto-
kines, such as IL-6 and TNF-a [90]. In our model of virus-
induced seizures/epilepsy, we found that IL-6 played a
major role in acute seizures, and infiltrating macrophages
were the major producers of IL-6. Furthermore, we found
that TREM-1 was expressed by a subset of the infiltrating
macrophages and TREM-1 expression was higher at 3 d.p.i.
than at 7 d.p.i. in the brains of TMEV-infected mice (Fig. 6).
Although we are showing, for the first time, that TREM-1
is found in macrophages that infiltrate the brain, its expres-
sion in peripheral macrophages has already been demon-
strated [57, 58, 87]. Furthermore, since induction and
amplification of the inflammatory immune response were
functions attributed to TREM-1, we hypothesized that
TREM-1 expression correlated with the presence of M1
(inflammatory) macrophages. This idea supports the fact
that in TMEV-infected mice, we expect to see an increased
level of M1 macrophages at day 3, which is the beginning
of acute seizures. Although additional studies are required
to better understand the function of this protein in brain-
infiltrating macrophages, we propose that TREM-1 expres-
sion in macrophages in the CNS could be used as a maker
of inflammatory (M1) macrophages and its presence in the
brain may also be a marker for neuroinflammation.

Conclusions

In summary, our work validated previously unknown
markers that could be used to discriminate microglia
from infiltrating macrophages during viral-induced
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neuroinflammation. Despite the fact that further studies
are required to extensively explore the results presented
here, our analysis comparing immune-induced genes in
microglia and infiltrating macrophages is especially im-
portant since it can potentially be utilized to identify
biomarkers of neuroinflammation. Furthermore, modu-
lation of macrophage recruitment to the CNS, as well as
modulation of microglia and macrophage inflammatory
states, may be a promising therapeutic strategy to con-
trol neuroinflammation and to treat neuroinflammatory
disorders. Our findings can be further exploited in order
to specifically immunomodulate cell responses that are
induced upon neuroinflammation.
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