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Abstract

The tight regulation of microglia activity is key for precise responses to potential
threats, while uncontrolled and exacerbated microglial activity is neurotoxic. Micro-
glial toll-like receptors (TLRs) are indispensable for sensing different types of assaults
and triggering an innate immune response. Cannabinoid receptor 2 (CB2) signaling is
a key pathway to control microglial homeostasis and activation, and its activation is
connected to changes in microglial activity. We aimed to investigate how CB2 signal-
ing impacts TLR-mediated microglial activation. Here, we demonstrate that deletion
of CB2 causes a dampened transcriptional response to prototypic TLR ligands in
microglia. Loss of CB2 results in distinct microglial gene expression profiles, morphol-
ogy, and activation. We show that the CB2-mediated attenuation of TLR-induced
microglial activation is mainly p38 MAPK-dependent. Taken together, we demon-
strate that CB2 expression and signaling are necessary to fine-tune TLR-induced acti-

vation programs in microglia.
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1 | INTRODUCTION

Neuroinflammation is a crucial process that precedes or accompanies
a variety of neurodegenerative diseases. It is characterized by the
release of cytokines, reactive oxygen species, and growth factors with
neurotoxic effects. Microglia are the resident immune cells of the
brain and therefore one of the key players in neuroinflammation
(Wolf, Boddeke, & Kettenmann, 2017). Consequently, it is of great
importance to understand, on the one hand, how microglia contribute
to neuroinflammatory processes and, on the other hand, how micro-
glial activity can be controlled.

The innate immune system triggers an inflammatory cascade by
binding of pathogen-associated molecular patterns (PAMPs) to
pattern-recognition receptors (PRR). Toll-like receptors (TLR) belong
to this receptor family and induce an intracellular signaling cascade
leading to the production of different cytokines and especially
chemokines (Kawasaki & Kawai, 2014). TLR ligands include viral
double-stranded RNA (TLR3), bacterial lipopolysaccharide (LPS)
(TLR4) or unmethylated CpG DNA (TLR9). TLRs are located either on
the cell surface (such as TLR4) or within endosomes (including TLR3
and TLR9) and can initiate different downstream signaling cascades.
All TLRs besides TLR3 activate myeloid differentiation primary
response gene 88 (MyD88)-dependent signaling, whereas TLR3 uses
TIR-domain-containing adapter-inducing interferon-f (TRIF) as its sole
adapter. Furthermore, TLR4 signaling acts on both MyD88- and TRIF-
related adapter molecules (TRAM) (Kielian, 2006). Through a number
of accessory molecules and transcription factors, activation of TLRs
results in the expression of pro-inflammatory cytokines and interferon
(IFN)-inducible genes (Akira & Takeda, 2004), initially observed in
peripheral immune cells but also described for microglia in recent
years (Fiebich, Batista, Saliba, Yousif, & de Oliveira, 2018).

The endocannabinoid system (ECS) encompasses the G-protein
coupled receptors CB1 and CB2 as well as endogenous ligands and
enzymes for biosynthesis, transport and degradation. Downstream
signaling is mediated via mitogen-activated protein kinase (MAPK) sig-
naling with extracellular signal-regulated kinases (ERK) as key mole-
cule (Ibsen, Connor, & Glass, 2017). The cannabinoid receptor (CB) 1
(CB1) is predominantly expressed on neurons, whereas the CB2
receptor is primarily located on peripheral immune cells (Pacher &
Mechoulam, 2011). Under healthy conditions, CB2 is weakly
expressed in the brain and is mainly found in microglia cells (Schmole
et al., 2015). In addition, low expression of CB2 could also be detected
on neurons, where its activation regulates neuronal excitability
(Stempel et al., 2014). Under inflammatory conditions, CB2 expression
is upregulated on microglia and can also be expressed by T cells, mac-
rophages or astrocytes. However, expression levels depend on the
inflammatory context (Benito et al., 2008). Treatment of microglia
with CB2 agonists reduced the pro-inflammatory response after chal-
lenge with LPS or IFN-y (Ehrhart et al., 2005; Ma et al., 2015). Subse-
quently, stimulation with the CB2 agonists 2-arachidonylglycerol
(2-AG) and anandamide induced an anti-inflammatory phenotype in
microglia (Mecha et al., 2015). Overall, these observations support a

model where CB2 activation promotes a shift from pro-inflammatory

microglial activation to an anti-inflammatory phenotype (Tanaka,
Sackett, & Zhang, 2020) thus dampening the inflammatory response.

The interaction of the ECS with TLRs is not well understood. It
was shown that TLR-mediated inflammation can influence CB2
expression, but also that CB2 activity manipulates inflammatory
responses. Yet, the underlying mechanisms for both observations
remain elusive. It has been reported that endocannabinoids suppress
LPS-induced production of pro-inflammatory mediators such as NO
or interleukin-1B (IL-1B) by monocytes, microglia or macrophages
in vitro (Ma et al., 2015; Mestre et al, 2005; Molina-Holgado
et al, 2003; Zheng & Specter, 1996; Zurier, Rossetti, Burstein, &
Bidinger, 2003). In line with this, treatment of mice with cannabinoids
or synthetic CB2 agonists leads to a decreased production of inflam-
matory cytokines and limited infiltration of neutrophils resulting in an
increased survival of mice after LPS injection (Berdyshev, Boichot,
Corbel, Germain, & Lagente, 2002; Gallily et al., 1997; Roche, Dia-
mond, Kelly, & Finn, 2006; Smith, Terminelli, & Denhardt, 2000). In
contrast, mice lacking the CB2 receptor show enhanced IL-6 produc-
tion and tissue damage in a sepsis model (Tschop et al., 2009). Finally,
murine monocytes treated with LPS or IFN-y in vivo or in vitro show
enhanced CB2 expression (Concannon, Okine, Finn, & Dowd, 2015;
Maresz, Carrier, Ponomarev, Hillard, & Dittel, 2005; Mukhopadhyay
et al., 2006). However, studies focusing on the interaction of CB2
with TLR4, other TLRs besides TLR4 are lacking. E.g. interaction of
TLR3 with the ECS has only been studied indirectly as the role of the
cannabinoid anandamide-degrading enzyme fatty acid amide hydro-
lase (FAAH) (Flannery, Henry, Kerr, Finn, & Roche, 2018; Henry, Kerr,
Finn, & Roche, 2014) was investigated in context of TLR3 signaling
while the role of CB2 was not directly studied.

We have previously reported that microglia from mice lacking the
CB2 receptor show a reduced inflammatory phenotype after in vitro
stimulation with LPS/IFN-y or in vivo in a mouse model of Alzheimer's
Disease (AD) (Schmoéle et al., 2015, 2018), whereas the underlying
molecular mechanisms remained unclear. In particular the striking dif-
ferences in the response of CB2 knockout (CB2~/7) and wildtype
(WT) microglia to LPS/IFN-y stimulation suggested a potential role for
CB2 in the orchestration and attenuation of TLR-mediated microglial
activation and warrant to study the underlying mechanism in more
detail. Thus, we aimed to characterize the inflammatory profile of
CB2~/~ microglia in response to different TLR stimulations and inves-
tigate the molecular targets that connect CB2 signaling to TLR-
mediated microglial activation.

Here we performed a systematic characterization of the transcrip-
tional, morphological and secretory changes induced by TLR-mediated
activation of microglia from CB2~/~ mice. We stimulated primary
microglia from WT and CB2~/~ mice with ligands for TLR3
(polyinosinic-polycytidylic acid [Polyl:C]), TLR4 (LPS/IFN-y) and TLRY
(CpG). We demonstrate that stimulation of CB2~/~ microglia with all
three TLR ligands results in a dampened inflammatory gene expres-
sion profile. Furthermore, phenotypic microglial activation is signifi-
cantly reduced in CB2~/~ mice after all three stimulations, suggesting
that the presence of the CB2 receptor is necessary to induce the full

TLR-mediated microglial activation program. Finally, we identified p38
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MAPK signaling as a potential mechanism that connects CB2 signaling

with TLR-mediated microglial activation.

2 | MATERIAL AND METHODS

21 | Microglia cultures

Primary neonatal microglia were generated from 1 to 5 days old
C57BL/6J (WT) and B6.Cg-Cnr2tm1Zim (CB27/7) pups (Buckley
et al., 2000). C57BL/6J) were originally obtained from a commercial
breeder (Charles River) and bred in house. CB2~/~ mice were bred
homozygous and backcrossed to the C57BL/6J line every six genera-
tions to minimize the risk of genetic drift.

Briefly, after decapitation, extracted brains were collected in ice-
cold PBS. Cortices of both hemispheres were collected after removal
of meninges and triturated until a single-cell suspension was achieved.
Isolated cells were cultivated as mixed glia culture until they reached
confluency after approximately 14 days. Cells were cultivated in
DMEM high glucose (Gibco, Darmstadt, Germany) containing 10%
fetal calf serum (FCS) (PAA, Freiburg, Germany), 1% penicillin/
streptomycin (Gibco). The medium was changed twice weekly.
Microglia cells were harvested by shaking for 1 h at 200 rpm and re-
seeded in 24-well plates for stimulation experiments at a density of
1.5 x 10° cells/ml. After re-seeding, cells were rested for 24 h.

For stimulation experiments, cells were treated for 30 min or
16 h with Escherichia coli LPS serotype 0127:B8 (100 ng/ml) (Sigma-
Aldrich, Taufkirchen, Germany) and IFN-y (20 ng/ml) (R&D Systems,
Wiesbaden, Germany), CpG (1 nmol/ml), or Polyl:C (50 pg/ml).

2.2 | Organotypic hippocampal slice cultures
Organotypic hippocampal slice cultures (OHSCs) were prepared from
4 to 6 days old WT and CB2~/~ pups. Mice were decapitated and
extracted brains were transferred into ice-cold dissection medium
(Modified Eagle medium (MEM) with 1% HEPES, 1% Glutamine and
1% penicillin/streptomycin (all from Gibco). The cerebellum was
removed, and 2-4 brains were dorsally super-glued to the vibratome
platform supported by 2% agarose block. The brains were immersed
in dissection medium in the vibratome and were horizontally sec-
tioned into 350 um thick slices. The sectioned slices were quickly
transferred into culture dishes containing ice-cold dissection medium.
The intact hippocampal regions CA1, CA2, CA3, dentate gyrus, and
the entorhinal cortex, were dissected and transferred into new culture
dishes. The hippocampal slices were then placed on translucent semi-
porous membrane (Millipore CM cell culture inserts) (2 slices/insert)
and were transferred to six-well plates filled with 1 ml culture medium
(MEM supplemented with 25% Hank's balanced salt solution (HBSS),
25% heat-inactivated FCS, 1% Glutamine, 1% penicillin/streptomycin
(all Gibco), 1% Amphotericin-B and 4.5% D-Glucose (both Sigma). The
OHSCs were cultured at 37°C and 5% CO, for 14 days. The culture
medium was changed every other day.

For stimulation experiments, OHSCs were treated for 16 h with
LPS (100 ng/ml) and IFN-y (20 ng/ml), CpG (1 nmol/ml), or Polyl:C
(50 pg/ml).

2.3 | Bone-marrow derived macrophages
Bone-marrow (BM) cells for generation of macrophages were isolated
from the hindleg of mice and were cultured in 1.5 x 10° cells/ml in RPMI
supplemented with 10% (vol/vol) heat-inactivated FCS, 1% glutamine,
1% penicillin/streptomycin, 0.1% -mercaptoethanol (all from Gibco), and
15% conditioned medium of L929 cells. On day 3, medium was changed,
and adherent cells were harvested on day 6. For stimulation experiments,
BM-derived macrophages were treated for 16 h with LPS (100 ng/ml)
and IFN-y (20 ng/ml), CpG (1 nmol/ml), or Polyl:C (50 pg/ml).

24 | Cellsorting

For isolation of primary microglia for transcriptome analysis, cells
were stained with CD11b-PE (AB_396680) and DAPI as live-dead dye
and 1 x 10* to 2 x 10* cells sorted on a BD FACS Aria Il
(BD Biosciences) using a 100 pM nozzle and subsequently lyzed in
1 ml Qiazol (Qiagen).

2.5 | RNA preparation for sequencing

For RNA isolation, total RNA was extracted from primary microglia
using a miRNeasy micro Kit (Qiagen) according to the manufacturers'
recommendations. Total RNA was eluted in RNAse free water. The
quantity and quality of the RNA was assessed by an RNA assay on a
Tapestation 4200 system (Agilent).

2.6 | Library preparation for RNA sequencing
Samples with more than 100 ng total RNA were converted into NGS
libraries using the TruSeq RNA Library Prep Kit v2 (lllumina) at 100 ng
input according to manufacturer's recommendations. The size-
distribution of the libraries was determined using the Agilent D1000
assay on a Tapestation 2200 system (Agilent). Libraries were quanti-
fied using a Qubit HS dsDNA assay. 75 bp single-end sequencing was
performed on a HiSeq1500 system using Rapid v2 chemistry. Base
calling from base call files and demultiplexing was performed with
CASAVA v1.8 (lllumina).

Low input Samples were converted into libraries of double
stranded cDNA molecules as a template for high throughput sequenc-
ing following the SMART-Seqg2 protocol. Shortly, mMRNA was primed
for SMART reverse transcription from 5 ng of total RNA using poly-T
oligos. cDNA was pre-amplified by SMART ISPCR. Fragmentation was
performed using the lllumina Nextera XT kit, followed by PCR amplifi-
cation and indexing. Size-selection and purification of library
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fragments preferentially 300-400 bp in length was performed using
SPRIBeads (Beckman-Coulter). The size-distribution of cDNA libraries
was measured using the Agilent high sensitivity D5000 assay on a
Tapestation 4200 system (Agilent). cDNA libraries were quantified
using a Qubit high sensitivity dsDNA assay. 75 bp single-end sequenc-
ing was performed on a NextSeq500 system using High Output v2.5
chemistry. Base calling from base call files, alignment to the Mus
musculus reference genome mm10 from UCSC and file conversion to
fastq files were achieved by lllumina standard pipeline scripts (STAR
version, bcl2fastg2 v.2.20).

2.7 | RNA sequencing analysis

Kallisto | (Bray, Pimentel, Melsted, & Pachter, 2016) was used to quan-
tify abundances of transcripts from the bulk RNA-seq data. Raw
kallisto files were imported using tximport (Soneson, Love, &
Robinson, 2015) and DESegDataSetFromTximport function from
DESeq2 (v1.26.0) (Love, Huber, & Anders, 2014) and rlog transformed
according to the DESeq2 pipeline. DESeq2 (based on a model using
negative binomial distribution) was used for the calculation of normal-
ized counts for each transcript using default parameters. All normalized
transcripts with a maximum over all row mean lower than 10 were
excluded resulting in 23,995 present transcripts. Differentially expressed
genes were calculated for CpG_wt versus Unstim_wt, Poly_IC_wt
versus Unstim_wt, LPS_IFNy_wt versus Unstim_wt, CpG_CB2~/~ versus
Unstim_CB2~/~, Poly_IC_CB2~/~ versus Unstim_CB2~/~, LPS_IFNy_
CB2~/~ versus Unstim_ CB2~/~, Unstim_ CB2~/~ versus Unstim_wt,
CpG_ CB2~/~ versus CpG_wt, Poly_IC_ CB2~/~ versus Poly_IC_wt,
LPS_IFNy_ CB2~/~ versus LPS_IFNy_wt separately using a p-value cut-
off of .05, an adjusted p-value (IHW) < .05 (independent hypothesis
weighting), and an FC threshold of 1.5. All present transcripts were used
as input for principal component analysis. The top 25% most variable
transcripts within the dataset were selected and visualized in a heat
map. Hierarchical clustering on the columns was performed using
Euclidean distance and ward.D2 as agglomeration method.

Date of experiment was modeled as a known batch factor using
the “Linear Models for Microarray and RNA-Seq Data” (Limma) pack-
age (Ritchie et al., 2015).

The top 15,000 variable genes were selected and used as an input
for co-expression network analysis using CoCena2 (https://github.
com/UlasThomas/CoCena2). Pearson correlation analysis was per-
formed with correlational significance measure p < .05 and correlation
coefficient cut-off of 0.888 and a R? of 0.832 leading to 4792 genes
and 130,118 edges. Based on Louvain community detection algorithm
7 modules were identified based on the expression pattern in the
dataset. Clustering was repeated 20 times.

Utilizing the R package clusterProfiler, CoCena2 automatically
analyzes the gene modules with respect to different kinds of gene set
enrichments: the genes within each module are compared against the
database KEGG (Kanehisa, 2000), Hallmark (Liberzon et al., 2015),
Gene Ontology (Blake et al., 2015), and Reactome (Fabregat et al., 2016).
Using the R ChEA3 (Keenan et al., 2019), the genes were also analyzed

for the enrichment of transcription factor binding sides, and if the
predicted transcription factors are present in the data. The top five
predicted TFs and targets combination were visualized as circos plots.
Original data are available with the GEO number GSE173337.

2.8 | Filtering for transcription factors, epigenome,
surfaceome, and secretome

All differentially expressed genes were filtered for one of the three
categories and then for each stimulation (unstimulated, LPS/IFN-y,
Polyl:C and CpG) the top five downregulated and top five upregulated
genes between CB2~/~ and WT microglia were displayed in a scaled
heatmap. Transcription factor lists were extracted from Fulton et al.
(Fulton et al., 2009), the epigenome gene list was literature-driven,
and surface and secretome markers were extracted from the Human
Protein Atlas (Uhlén et al., 2015).

2.9 | Immunohistochemistry
OHSC of 350 pm thickness were stained with primary anti-mouse
antibodies diluted 1:1000 for 3 days at 4°C. Incubation with the sec-
ondary antibody (diluted 1:1000) was performed for 5 h at 4°C,
followed by staining with 4/,6-diamidino-2-phenylindole DAPI. Anti-
bodies used were Ibal (AB_839504), CDé8 (AB_322219), Goat-anti-
rabbit AF488 (AB_143165) and Goat-anti-rat AF647 (AB_141778).
Images were taken with a confocal laser scanning microscope
(63x) (Leica TCS SP8). For microglial analysis, z-stacks were taken

with a step size of 1 pm.

210 | Microglial cell reconstruction and analysis of
microglial morphology

Microglial morphology was quantified using a custom-written ImageJ
toolbox designed to reconstruct and analyze microglial cells, similarly
to previous studies from Plescher et al and Schméle et al (Plescher
et al, 2018; Schmole et al., 2018). The toolbox consists of three
ImageJ plugins for single-cell image generation, image segmentation
and cell analysis. Per group in each genotype, at least 50 activated
microglial cells (as identified as lbal®™ CD68" [Yousef et al., 2019])
were selected in all z-slices of confocal z-stacks by an investigator that
was blind to the experimental conditions using the single-cell selec-
tion plugin. The resulting single-cell images were segmented using the
image segmentation plugin. An intensity threshold (algorithm:
“Huang”) was calculated in an 8-bit converted, 0.5-fold scaled and
maximume-intensity projected copy of the original image. The thresh-
old was applied to the unmodified original image. Segmented images
were analyzed using the cell analysis plugin after applying a particle-
filter > = 100 voxel. The microglial mean Ibal intensity was deter-
mined as the mean intensity of all voxels in the original image that

were positive in the particle-filtered, segmented image. The 3D
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microglial ramification index was defined as: cell surface area/(4n x
[(3-cell volume)/(4m)]?’®)), which describes the ratio of cell surface to
cell volume and serves as a sensitive measure for cell shape complexity.
To determine the “Branch number” and “Tree length”, the segmented
images, after particle filtering, were Gauss-filtered (Sigma XY = 1.0 and
Sigma Z = 0.0), skeletonized using the Fiji plugin “Skeletonize3D”
(Arganda-Carreras, Fernandez-Gonzalez, Munoz-Barrutia, & Ortiz-De-
Solorzano, 2010) and analyzed using the Fiji plugin “Analyze Skeleton”
(Arganda-Carreras et al., 2010). The polarity index indicates how
equally the process tree is distributed around the cell soma. It was
defined as the length of the vector from the center of mass of the
microglial cell to the center of the convex hull around the microglial cell,
normalized to the size of the convex hull: polarity index = vector
length/(2 x {/3 - spanned volume/(4x)).

The size of the cell soma was determined in ImageJ as follows:

1. A maximum intensity projection was created for the z-stack
containing the analyzed cell;

2. A trained user encircled the cell soma with the free-hand tool
in ImageJ;

3. The area of the selection was calculated in ImageJ, which was used
as a measure for the soma size.

identified by Ibal-

Activated microglia were and CDé68-

immunoreactivity.

211 | Flow cytometry
Stimulated BM-derived macrophages were harvested and blocked
with CD16/32 antibodies as Fc-receptor blocker. Subsequently, cells
were stained with CD11b-e450 (AB_1582236), CD40-APC
(AB_469386), ICAM1-FITC (AB_465095), CD45-Bio (AB_312969),
and MHC II-PE (AB_313322). Bio-tagged antibody markers with
Streptavidin PerCP-Cy5.5 (AB_2868934) were used as secondary
antibodies.

Acquisition and analysis were performed on a FACSCanto
(BD Biosciences) and FlowJoTM software (Tree Star, Ashland, OR).

212 | ELISA

The murine IL-6, tumor necrosis factor o (TNFa) and CC-chemokine
ligand (CCL) 2 Ready-SET-Go! ELISA kits (eBioscience) were used to
quantify the levels of these cytokines in BM-derived macrophage cell
culture supernatants. Quantitative determination was carried out

according to manufacturer's protocol.

213 | Protein isolation

Microglia cells harvested after the stimulation periods were lysed in
RIPA buffer (10 mM Tris pH 8.0, 150 mM NaCl, 1% deoxycholate, 1%

NP-40, 0.1% SDS, 5 mM EDTA pH 8.0) containing protease inhibitors
and phosphatase inhibitors (Thermo). The protein content of the
lysate was concentrated using Amicon centrifugal filters with a
100 kDa cutoff. Total protein concentration of the retentate lysates

were then determined using BCA kit (Thermo).

214 | Western blotting

Western blotting analysis was performed on a Wes system
(ProteinSimple, San Jose) according to the manufacturer's instructions
using a 12-230 kDa Wes/Jess Separation Module and the Anti-
Rabbit Detection Module. Antibodies against p38 MAPK
(AB_3303713) (1:500 dilution), phospho-p38 MAPK (T180/Y182)
(AB_2139682) (1:3 dilution) and p-actin (AB_10001612) (1:5000 dilu-
tion) (rabbit, Novus Biologicals) were used. Secondary antibody was
HRP-conjugated anti-rabbit (AB_2860577) (Protein Simple).

2.15 | Statistical analysis

Data are expressed as mean + SEM. Statistical analysis was performed
used was Graph Pad Prism Software Version 7.0. Two way analysis of
variance (ANOVA) followed by Bonferroni's post hoc test was used to
analyze the genotype and treatment statistical comparison between

groups.
3 | RESULTS
31 | CB2 /" microglia show reduced TLR signaling

To better understand the contribution of CB2 signaling to microglia
activation we employed an in vitro experimental system. Therefore,
primary neonatal microglia derived from WT and CB2™/~ mice were
stimulated for 16 h in vitro with LPS/IFN-y, Polyl:C or CpG to activate
TLR4, TLR3, and TLRY, respectively (Figure 1(a)). We chose three dif-
ferent TLRs as they represent both membrane (TLR4) and lysosomal
TLRs (TLR3, 9) and act via MyD88 and/or TRIF/TRAM signaling. By
this we aimed to identify pathway-specific or conserved alterations
influenced by CB2 during microglial activation.

Subsequent bulk RNA-seq analysis revealed significant differ-
ences in gene expression between the two genotypes in steady state
and especially upon activation. A principal component analysis
showed that the first principal component separates the samples
based on the different stimuli whereas the second component clearly
splits the samples by genotype (Figure 1(b,c)). The same clear pattern
of separation can be appreciated upon hierarchical clustering based
on the top 25% variable genes (Figure S1a), suggesting an important
role for CB2 signaling during TLR ligand induced microglial activation.

This also became evident, when assessing differentially expressed
genes (DEG) between unstimulated and stimulated WT microglia, as a

strong response was observed when WT microglia were stimulated
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with the different TLR stimuli. However, this response was reduced
by half in LPS/IFN-y and CpG stimulated microglia (2680 VS 1249
DEG in LPS/IFN-y and 1840 VS 757 DEG in CpG). The response of
CB2~/~ microglia to Polyl:C was almost completely lost with only
195 genes from 2740 genes in WT microglia still differentially
expressed after loss of CB2 (Figure 1(d)). Next, we compared changes
between CB2~/~ and WT microglia for each stimulatory condition. As
expected from the comparison of the stimulation-dependent DEG, we
identified a small but significant number of DEG for each stimulation
condition (206 in unstimulated, 292 in LPS/IFN-y, 813 in Polyl:C and
545 DEG in CpG stimulated microglia; Figure 1(d)). In unstimulated
and CpG stimulated microglia most of these DEG were upregulated,
whereas, in line with the aforementioned results, in LPS/IFN-y and
Polyl:C stimulated microglia most DEG were downregulated. To bet-
ter understand which biological processes were impacted by the loss
of CB2, we performed a gene ontology (GO) analysis. This revealed an
upregulation of the GO term “response to interferon-beta” in the
unstimulated microglia when comparing CB2~/~ versus WT microglia
which persisted in the comparison across the CpG stimulated
microglia (Figure 1(e)). In CpG stimulated microglia, deletion of CB2
additionally leads to a cell activation signature together with
upregulation of the GO terms “cytokine secretion” and “protein
secretion”. The term “negative regulation of cell projection organiza-
tion” on the other hand was downregulated in the CB2~/~ microglia,
altogether supporting a pre-activated or primed microglial state
poised for a direct response in CB2-deficient microglia. For the other
two TLR stimuli the GO terms are rather associated with a down-
regulation of immune activation in CB2~/~ microglia. The term “pro-
tein secretion” is enriched in Polyl:C stimulated microglia of CB2~/~
mice together with “lipid catabolic processes”, but the terms for” reg-
ulation of cell activation”, “cytokine secretion” and multiple terms
concerning anti-viral and anti-bacterial response are all downregulated
in CB2~/~ microglia as compared to WT microglia. For the LPS/IFN-y
stimulation no GO terms were associated with the upregulated genes,
but in line with the observations for Polyl:C stimulated microglia, GO
terms for “regulation of cell activation”, “cytokine secretion” and
“protein secretion” are downregulated. These results support that
CB2 is required for the full activation spectrum downstream of TLR3
and TLR4 activation in microglia. Next, we were interested in func-
tional aspects and upstream regulators altered by the loss of CB2.
Therefore, we assessed genes implicated in the surfaceome and
secretome or described as transcription factors (TF). DEG in these cat-
egories included interesting genes such as Cd36, Marco, Cd79b for the
surfaceome, Mmp10/12/13, 116, Ccl3 and Sos1 for the secretome and

finally TF like Ahr, Foxpl and Stat3 that are differentially regulated
upon stimulation between CB2/~ and WT microglia (Figure 1(f)).
Interestingly, Irf7 and Stat1 are upregulated in steady state and after
CpG stimulation upon loss of CB2, supporting a distinct program
mediated by CB2 in unstimulated and TLR9 activated microglia lead-
ing to a pre-priming of microglia in contrast to the loss of the full acti-
vation spectrum downstream of TLR3/4 signaling.

Taken together, CB2 deficiency leads to an upregulation of inter-
feron response genes and cell activation gene signatures in steady-
state and CpG-stimulated microglia, whereas the activation of an anti-
microbial response signature and cytokine secretion is lost in the
absence of CB2 upon LPS/IFN-y and Polyl:C stimulation supporting a
dampening of transcriptional activity mediated by CB2.

3.2 | Co-expression analysis reveals disruption of
MAPK signaling in CB2~/~ microglia

To find common pathways influenced by CB2 across the different
TLR stimuli, we conducted a co-expression analysis (Figure 2(a)). We
were able to identify seven significantly co-expressed modules of
genes that differed between the different experimental conditions.
The group-fold change (GFC) of each module for each condition
shows distinct patterns (Figure 2(b)). The module dark green is specific
for unstimulated microglia from both WT and CB2~/~ and the Polyl:C
stimulated CB2~/~ microglia. Comparing the enrichment of this mod-
ule between unstimulated CB2~/~ and WT microglia supports a slight
downregulation in CB2-deficient microglia. Cluster steel blue is shared
between unstimulated and CpG-stimulated WT microglia. All three
TLR stimuli show a specific enrichment for clusters dark orange and
orchid that are dramatically reduced upon loss of CB2 and are poten-
tially responsible for the reduced activation downstream of TLR3/4
observed in CB2-deficient microglia. Cluster dark gray is upregulated
upon LPS/IFN-y and Polyl:C stimulation in WT microglia and in
LPS/IFN-y stimulation of CB2~/~ microglia, but downregulated upon
loss of CB2 in Polyl:C stimulated microglia, supporting a major influ-
ence of this cluster on the observed changes induced by loss of CB2
on transcriptomic level between LPS/IFN-y and Polyl:C stimulation
(Figure 1(d)). The gold and maroon clusters are exclusively upregulated
in all CB2~/~ microglia supporting that CB2-dependent genes are
enriched in these modules.

To further support this hypothesis, we asked whether the DEG
from the comparisons of CB2~/~ versus WT microglia across all TLR

stimuli are represented in the co-expression modules. In total,

FIGURE 1

Microglia transcriptional response to TLR4/3/9 stimulation is dampened in CB2~/~ mice. Primary neonatal microglia from WT and

CB2~/~ mice were stimulated for 16 h with control medium (WT: N = 6; CB2~/~: N = 3), LPS/IFN-y (WT: N = 3; CB2/":N=3), Polyl:C (WT:
N = 3; CB2~/: N = 3) or CpG (WT: N = 3; CB2~/~: N = 3) to stimulate TLR-4, 3, or 9, respectively and underwent subsequent bulk RNA-seq
and bioinformatic analysis (a). Principal component analysis of all samples reveals a separation by stimulation in the first dimension and a
separation of the samples by genotype in the second dimension (b) Variability of principal components explained by metadata of the samples (c).
Differential genes (DEG) were defined by a fold-change of 1.5 and an adjusted p-value <.05 showing clear differences between WT and CB2~/~
(d). Most significant GO terms based on DEG between WT and CB2~/~ for each stimulation (e). Heatmaps of specific functional groups of genes
displaying the Top10 DEG for each condition (f). Parts of this figure were created with Biorender
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70 genes (40 down- and 30 upregulated; Figure S2a) are shared across
all three comparisons. Of these 70 genes, 65 are represented in the
co-expression analysis, with upregulated genes mainly represented in
the dark green, maroon and gold clusters and the downregulated
genes in the dark orange and orchid clusters (Figure 2(c)). As the dark
gray and steel blue clusters only contain 2 and 3 of these core genes,
respectively it is highly conceivable that this is not representative. A
heatmap of the union of all DEG identified for the three TLR stimuli
revealed that most of the upregulated genes belong to the dark green
and maroon clusters, whereas the genes downregulated in CB2~/~
microglia belong to the orchid and dark orange clusters (Figure S2b).
Interestingly, the dark green cluster is highly enriched for genes that
are upregulated in Polyl:C-stimulated CB2~/~ microglia (Figure 2(d)).
Cluster maroon consists of genes from both Polyl:C and CpG-
stimulated CB2~/~ microglia. Many genes from the steel blue cluster
are downregulated in unstimulated or LPS/IFN-y or CpG stimulated
CB2~/~ microglia. Clusters dark orange and orchid are dominated by
genes that are downregulated in CB2-deficient microglia upon Polyl:C
treatment. Cluster dark gray is highly enriched for genes upregulated
in unstimulated or CpG-stimulated CB2~/~ microglia. Cluster gold is
dominated by genes upregulated in CpG, but downregulated in
LPS/IFN-y and Polyl:C stimulated CB2~/~ microglia. To link the co-
regulated modules with biological functions, we performed GO and
KEGG enrichment analysis and observed clearly enriched functions
for each cluster (Figures 2(e,f) and S3). The dark green module is asso-
ciated with the KEGG terms “PI3K-Akt signaling pathway” and
“MAPK signaling pathway”. The maroon module (specific for CB2~/~
microglia) is enriched for the KEGG term “lysosome” and the GO term
“response to oxidative stress” (Figure 2(e,f)). Interestingly, the maroon
cluster contains Cnr2, the gene encoding CB2, among the co-
expressed genes, further highlighting the correlation of CB2 expres-
sion with these terms (Figure S3). Cluster steel blue is associated with
the GO term “generation of precursor metabolites and energy”
(Figure 2(e)) and the KEGG term” Pathways of neurodegeneration -
multiple diseases” (Figure 2(f)). Cluster dark orange is highly specific
for TLR-dependent stimulation of WT microglia and is associated with
the GO term” positive regulation of cell adhesion”, but also “positive
regulation of cell activation”. Cluster orchid is of high interest as it is
not only enriched specifically in the WT microglia after TLR stimula-
tion, but also encompasses the GO terms “positive regulation of cyto-
kine production”, “positive regulation of cell adhesion” and most
interestingly KEGG terms around neurodegenerative diseases like
“Parkinson's disease”, “Amyotrophic lateral sclerosis” or “Alzheimer

disease” supporting that this cluster contains crucial genes associated

with TLR3/4 mediated activation of microglia which are influenced by
CB2 signaling and could be most relevant for the observed impact of
loss of CB2 on AD pathology as reported before (Schmole
et al,, 2018; Schmole, Lundt, Ternes, et al., 2015). This cluster also
contains TF associated with TLR signaling like Nfkb1 and Nfkb2, but
also Cd274 and Tnf as surface markers (Figure S3) and includes most
of the conserved genes downregulated upon CB2 depletion
(Figure S2b). The dark gray cluster is enriched for the GO term
“defense response to virus” with additional terms associated with this
cluster like “positive regulation of cytokine production” and is mostly
conserved in the LPS-stimulated cells, but completely lost in the Polyl:
C stimulated CB2~/~ microglia. This cluster contains TF specific for an
anti-viral immune response like Irf1, Stat1 and Irf7 which not only are
enriched in unstimulated and CpG-activated CB2~/~ microglia, but
whose activation is prevented by loss of CB2 upon Polyl:C stimulation
(Figure 1(f)). Finally, cluster gold is specific for all CB2~/~ microglia
and is connected to GO terms like “negative regulation of immune
system process”, but also the KEGG terms” HIF-1 signaling pathway”
and “cellular senescence” and contains genes which are influenced in
general by the loss of CB2 and are shared among CB2-deficient
microglia (Figures 2(c,d) and S2b). Next, we were interested to better
understand how loss of CB2 would influence the activity of all three
distinct TLR ligands. Therefore, we focused on the clusters dark
orange and orchid displaying the strongest difference between acti-
vated CB2 deficient and WT microglia. When displaying the genes of
the shared GO term “positive regulation of cell adhesion” as a
heatmap (Figure 2(g)) we observed a distinct transcriptional regulation
upon TLR3 and TLR4 stimulation in WT which is missing in CB2~/~
microglia. This suggests that loss of CB2 prevents morphological
adjustments upon TLR stimulation.

3.3 | CB2 /" microglia show altered morphology
after TLR-activation

We next used organotypic hippocampal slice cultures (OHSC) as a
model of microglial activation in an in vivo-related situation to further
address the role of CB2 signaling for the modulation of TLR responses
(Figure 3(a)).

The genes of the GO term “positive regulation of cell adhesions”
were induced after TLR-stimulation in WT but not in CB27/~
microglia. Early studies have shown that the increase in adhesion
molecules such as integrins has been associated with transition into

ameboid microglia upon activation (Kim et al., 2014; Milner &

FIGURE 2 Co-expression network analysis of transcriptional response to TLR-4/3/9 stimulation. Co-expression analysis based on the most
variable genes revealed 7 major modules that can be associated with specific biological functions (a). Heatmap of group fold-changes (GFC)
reveals differential expression across the different experimental conditions for each module (b). Below the core signature genes (c) from (S2a) as
well as the DEG for each comparison of CB2~/~ versus WT microglia within a stimulation (d) are enriched for each cluster. The number indicates
how many genes from the respective module are found in the conserved genes or DEG. The stacked bars indicate the frequency of genes derived
from each signature. The Top5 GO (e) and KEGG terms (f) for each module reveal specific biological functions for each module. Heatmap of the
genes from the GO term “positive regulation of cell adhesion” with the mean expression for each condition scaled by rows (g)
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intensity was higher in WT microglia
when compared to CB2~/~ microglia
(genotype effect: Ibal

F1392 = 68.05, p <.001; CD68
F1389 = 38.69, p < .001) (c) whereas
CDé8 intensity was not changed (d).
Microglia morphology was analyzed
by measuring the ramification index
(e), branch numbers (f), polarity index
(g), tree length (h) and soma size (g).
All analyzed parameters showed a
significant genotype effect
(ramification index Fq 390 = 30.78,

p < .001; polarity index

F1392 = 4.001, p < .05; branch
numbers F4 350 = 38.69, p < .001;
junction numbers F; 330 = 37.95,

p < .001; tree length F4 357 = 61.18,
p < .001, soma size Fq 305 = 33.68,

p < .001). Data are displayed as
mean. Two-way ANOVA followed by
Bonferroni's multiple comparisons
with #p < .05, ##p < .01,

###p < .001, *significance to
corresponding genotype control.
Parts of this figure were created with
Biorender

Campbell, 2003). We thus analyzed microglial morphology as defined CpG and Polyl:C. We stained for the microglial marker, lbal and the

by ramification, branch numbers, polarity index, tree length and soma phagocytic marker, CD68 (Figure 3(b)) to identify activated microglia.

size in OHSC from WT and CB2~/~ mice stimulated with LPS/IFN-y, Subsequently, we measured |bal and CDé8 intensity to assess
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microglia activation. Statistical analysis revealed that Ibal (Figure 3(b,
c)) and CDé8 intensity (Figure 3(b,d)) were greater in WT microglia
when compared to CB2~/~ microglia.

Using the ImageJ plugin MotiQ to determine microglia morphol-
ogy in OHSC from WT mice, we observed that WT microglia were
less ramified, had fewer branches, shorter trees and larger somas after
stimulation with LPS/IFN-y than unstimulated control cells (Figure 3
(e,f,h,i)), whereas cellular polarity was unaffected. Similar effects were
observed after stimulation with Polyl:C, whereas stimulation with
CpG only increased soma size (Figure 3(c-i)). In contrast, microglia
from CB2~/~ mice showed no change in morphology as a conse-
quence of TLR stimulation as well as no Iba-1 or CDé68 increase
suggesting that the microglia are less activated (Figure 3(c-i)). These
data support the hypothesis from the gene expression that the loss of
CB2 affects microglia morphological changes induced by TLR-

dependent activation.

34 | BM-macrophages from CB2/~ mice are less
responsive to TLR-stimulation

To investigate if the CB2-mediated dampening of the inflammatory
response to TLR stimulation is specific for microglia, or also occurs in
other myeloid cells, we analyzed how CB2-deficient bone marrow
derived macrophages (BMDM) react to TLR-stimulation (Figure 4(a)).

Therefore, BMDM from WT and CB2~/~ mice were stimulated
with LPS/IFN-y, CpG and Polyl:C and subsequently inflammatory
markers including cell surface markers like CD40, ICAM and MHCII
(Figure 4(b-d)) and cytokines like TNFa, CCL2 and IL6 (Figure 4(e-g))
were analyzed.

In line with the observations on transcriptome level for microglia,
stimulation of WT BMDM with LPS/IFN-y or Polyl:C resulted in
increased expression of inflammatory cell surface markers CD40 and
ICAM, whereas stimulation with CpG had no effect (Figure 4(b,c)). In
contrast, expression of both CD40 and ICAM was significantly
reduced on CB2~/~ BMDM (Figure 4(b,c)) while expression of MHCII
was only slightly downregulated after TLR-stimulation on cB2~/~
BMDM (Figure 4(d)).

Next, we determined the release of TNFa, CCL2, and IL6 by WT
BMDM and could observe a significant enhancement after stimulation
with LPS/IFN-y and Polyl:C. In line with our findings for cell-surface
activation markers, the release of TNFa, CCL2, and IL6 by WT BMDM
was not enhanced after stimulation with CpG. The deletion of CB2
caused a significant reduction of LPS/IFN-y - induced release of TNFa
compared to WT BMDM (Figure 4(e)). In contrast, no difference in the
LPS/IFN-y - induced release of CCL2 or IL6 could be observed
between WT and CB2~/~ BMDM. In line with this, CB2 deletion did
not affect the Polyl:C-induced secretion of TNFa, IL6 and CCL2
(Figure 4(e-g)). Taken together, BMDM from CB2~/~ mice also show
a dampened inflammatory response to TLR-stimulation which is not
as pronounced as in CB2™/~ microglia and support a model, where
only very specific aspects of microglia and myeloid cell activation are
impacted by the loss of CB2.

3.5 | CB2-dependent changes in TLR-induced
microglial activation are mediated by p38

Next, we wanted to elucidate the molecular mechanism that prevents
TLR-mediated microglia activation in the absence of CB2 (Figure 5(a)).
Previous studies demonstrated that CB2 receptor activity influences
MAPK kinase activity, but also interferes with the Janus kinase (JAK)/
signal transducers and activators (STAT1) pathway (Bouaboula
et al.,, 1996; Ehrhart et al., 2005; Montecucco & Burger, 2008). This is
supported by the co-expression analysis of the gene expression data
which revealed strong differences between WT and CB2~/~ microglial
gene expression in the KEGG terms “PI3K-Akt signaling pathway” and
“MAPK signaling pathway” (Figure 2(b,e-f)).

To investigate a possible involvement of MAPK signaling we visu-
alized the expression of the KEGG pathway “MAPK signaling” as a
heatmap over all conditions after 16 h of TLR stimulation to show that
steady-state activity of the pathway is diminished upon CB2 deletion
in unstimulated microglia (Figure 5(b)). Additionally, MAPK signaling is
upregulated in LPS/IFN-y and Poly I:C stimulation in WT, but not
CB2~/~ microglia. To support this hypothesis, we analyzed the gene
expression of the p38 encoding genes mapk11-14 as well as the phos-
phorylation of p38 MAPK in neonatal microglia from WT and CB2~/~
mice (Figure 5(a)).

While expression of mapk12 and mapk13 was below the detec-
tion levels (data not shown), expression of mapk11 is enhanced after
16 h of stimulation with LPS/IFN-y, CpG and Polyl:C (Figure 5(c)) in
WT microglia. In contrast, this effect was not observed in microglia
from CB2~/~ mice. Next, we analyzed expression of mapkl4 as a
potential regulator of the CB2 mediated dampening of TLR signaling.
Mapk14 was significantly reduced in WT microglia after stimulation
with LPS/IFN-y and CpG and to a slightly lower extent in Polyl:C
treated WT microglia (Figure 5(d)). While CB2~/~ microglia showed
statistically significant downregulation of mapk14 expression after
TLR-stimulation, a trend towards lower expression was observed for
all TLR ligands suggesting that CB2 could also be involved in the regu-
lation of mapk14 gene expression and could impact a fine-tuned
response towards TLR-dependent regulation of its expression.

To determine changes also on protein levels, we subsequently
measured phosphorylation of p38 after 30 min (Figure 5(f)) and after
16 h of TLR stimulation (Figure 5(e,g)) as changes in phosphorylation
can both be very rapid events, but also sustained over prolonged
periods of time. Stimulation with LPS/IFN-y resulted in an enhanced
p38 phosphorylation in WT microglia 30 min after stimulation. Similar
results were also observed after stimulation with CpG and Polyl:C.
Stimulation of CB2~/~ microglia with different TLR agonists lead to
similar trends, however, phosphorylation of p38 was in general much
lower, and e.g. decreased by 70% in LPS/IFN-y and by almost 90% in
Polyl:C stimulated CB2~/~ microglia compared to WT microglia,
supporting a decreased activity of the MAPK pathway in
CB2-deficient microglia. After 16 h, p38 phosphorylation levels were
still significantly augmented in WT microglia after stimulation with
LPS/IFN-y and Polyl:C, but not after treatment with CpG (Figure 5(g)).
The reduced reactivity upon TLR stimulation was still detectable in
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FIGURE 4 Inflammatory profile of BM-macrophages from WT and CB2 ™/~ mice after stimulation with TLR ligands. Experimental setup (a).
Expression of cell surface markers CD40 (b), ICAM (c) and MHCII (d), All analyzed surface markers showed a significant genotype effect (CD40
F140=125.7,p < .001; ICAM F4 390 = 57.09, p < .001; MHCII F4 40 = 10.34, p < .01). Release of cytokines TNFa (e), CCL2 (f), IL6 (g) was
enhanced after TLR stimulation (treatment effect, TNFa F3 37 = 482.6, p < .001; CCL2 F3 40 = 90.90, p < .001; IL6 F3 37 = 235.4,p < .001). N =3
independent experiments/genotype. Data displayed as mean + SEM. Two-way ANOVA followed by Bonferroni's multiple comparisons with

#p < .05, ##p < .01, ###p < .001, *significance to corresponding genotype control. Parts of this figure were created with Biorender

CB2~/~ microglia as p38 phosphorylation levels were still significantly
lower in CB2~/~ microglia (decreased by 85% in LPS/IFN-y stimulated
CB2~/~ microglia and by 80% in Polyl:C stimulated CB2~/~ microglia)
after 16 h, supporting that CB2 is required for the TLR3/4-mediated
activation of microglia via MAPK signaling.

In summary, our data revealed that microglia lacking the CB2
receptor show a distinct gene expression profile after TLR-stimulation
in line with a dampened microglial activation pattern. This was further
supported by altered microglial morphology in CB2~/~ OHSC. Simi-
larly, also other myeloid cells, i.d. BMDM from CB2~/~ mice, show a
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FIGURE 5 Legend on next page.

diminished response to TLR-stimulation, although less pronounced as
in CB2~/~ microglia. Mechanistically, we could demonstrate that
phosphorylation of p38 MAPK was significantly reduced in cB27/~

microglia, suggesting that the expression of the CB2 receptor is nec-
essary to allow for TLR-mediated p38 MAPK signaling promoting
microglial activation.
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4 | DISCUSSION

Here we provide new understandings of the control of TLR-mediated
microglial action via the CB2 receptor. We demonstrate that microglia
from CB2~/~ mice are less responsive to TLR4 (LPS/IFN-y) and TLR3
(Polyl:C) stimulation. The number of DEG induced by LPS/IFN-y or
Polyl:C was reduced by 50% or 90%, respectively, in microglia
obtained from CB2~/~ mice. Furthermore, we confirmed that CB2
deletion reduces TLR-induced microglial activation by morphological
analysis of CB2-deficient microglia in OHSC. Finally, we identified
p38 MAPK as a potential mediator that connects CB2 signaling to
TLR-dependent microglial activation.

Using different types of TLR-stimuli, we delineated that CB2
deletion results in overall reduction in TLR-mediated microglial activa-
tion while the magnitude of the effect differs especially between
TLR3/4 stimulation and TLR9 stimulation. At the same time, some
aspects like alterations in microglial morphology were specific to
TLR3/4 stimulation.

Stimulation of WT microglia with either LPS/IFN-y (TLR4) or
Polyl:C (TLR3) resulted in a pro-inflammatory gene expression profile
including anti-viral response and cytokine production. In CB2~/~
microglia these responses were drastically reduced, and the expres-
sion pattern was more similar to unstimulated microglia, especially in
Polyl:C stimulated cells. On the contrary, TLRY stimulation via CpG
did not lead to a complete loss of pro-inflammatory signaling, but
instead the cytokine secretion and anti-viral response was even
slightly increased in the CB2~/~ microglia, though in general the com-
parison between CpG and unstimulated microglia still led to less
DEGs. Interestingly, the lack of CB2 in unstimulated primary microglia
cultures led to a general upregulation of inflammatory gene signa-
tures. The difference observed between the TLR stimuli guided us to
the further analysis of the different signaling pathways. TLR3 and
4 share the TRIF/IRF3-dependent signaling pathway, whereas TLR9
transduces intracellular signaling via MyD88 and IRF7 (Fiebich
et al., 2018). Therefore, it is possible that CB2 signaling interferes with
TRIF or IRF3. Moreover, IRF7 is upregulated in CB2~/~ microglia
(Figure 1(e)). Our findings further support the proposed interaction of
the endocannabinoid system with TRIF/IRF3 that was described in
human macrophages (Downer et al., 2011). This study conclusively
showed that CB1 and CB1/2 agonists modulated MyD88-independent
signaling via TLR3 and TLR4 in human macrophages and inhibited
IRF3 activation (Downer et al., 2011). Thus, our study provides further

evidence that not only CB1 on macrophages, but also microglial CB2
might be involved in TRIF/IRF3 interactions. However, as all the used
CB1/2 agonists had a higher affinity to CB1, it cannot be excluded
that the observed effects were influenced by CB1 signaling. Future
studies should investigate the specific effect of the CB2 receptor on
IRF3 since this is not conclusively shown so far.

It is widely accepted that changes in microglial morphology are
tightly connected to their function and activation status. Activation of
microglia results in increased Ibal intensity accompanied by
decreased cell ramification, less branch numbers and shorter trees.
This is in line with previous studies where TLR-induced microglial
morphological changes in OHSCs have been demonstrated already
(Shaftel et al., 2007; Yousif et al., 2018). Correspondingly, we show
that WT microglia in OHSC were less ramified, had less branches,
shorter trees and larger somas after TLR3 and TLR4 stimulation.
Together with the increased Ibal intensity these data suggest that
WT microglia get activated after TLR3 and TLR4 stimulation. In con-
trast, CB2~/~ microglia showed no changes in morphology or Ibal
intensity after TLR stimulation. This indicates that CB2~/~ microglia
are less responsive to TLR stimulation and do not show an activated
phenotype. Moreover, CB2~/~ microglia show a reduced upregulation
of genes responsible for cell adhesion as compared to WT microglia
which underlines the morphological differences upon stimulation.
Also, the downregulation of the GO term “negative regulation of cell
projection organization” in CB2~/~ microglia underlines the differen-
tial ramification potential. The lack of morphological changes further
supports our previous findings showing a dampened pro-inflammatory
response on the gene expression level as well as a decreased secre-
tion of pro-inflammatory mediators (Schmdle, Lundt, Ternes,
et al., 2015). This confirms our idea that the CB2 receptor is indis-
pensable for microglial activation.

We additionally analyzed the TLR-mediated activation of BMDM
to investigate if the observed effects mediated by CB2-deletion are
specific to microglia or present in myeloid cells in general. Since
microglia originate from the yolk sac whereas BMDM differentiate
from hematopoietic stem cells (Ginhoux & Prinz, 2015), differences in
cell-specific phenotypes are possible. BMDM from CB2~/~ mice show
reduced expression of inflammatory cell surface markers as observed
before (Schmole, Lundt, Ternes, et al., 2015) but the release of inflam-
matory cytokines was only partially altered. These findings suggest
that the CB2-mediated differences on TLR-induced activation are, at
least partially, conserved in cells from the myeloid lineage.

FIGURE 5

p38 activity in WT and CB2~/~ primary microglia after TLR stimulation. Experimental setup (a). Heatmap of the genes from the

KEGG term “MAPK signaling pathway” with the mean expression for each condition scaled by rows (b), gene expression analysis of p38 MAPK
encoding genes mapk11 (c) and mapk14 (d) after 16 h stimulation. Treatment effects and genotype effects were observed for mapk11 expression
(treatment effect, F3 10 = 7.857, p < .01; genotype effect, F1 19 = 40.18, p < .001) (c) and a genotype effect for mapk14 expression (genotype
effect, F119 = 29.76 p < .001) (d). Experimental setup of phosphorylation measurement (d). Representative Western Blots (WES System) of p38,
pp38 and b-Actin after 16 h stimulation with LPS/IFN-y, CpG and Polyl:C (e). Analysis of p38 phosphorylation after 30 min revealed a treatment
effect and genotype effect (treatment effect, F3 51 = 4.781, p < .001; genotype effect, F1 1 = 12.4, p < .001) (f) and a treatment effect and
genotype effect after 16 h of TLR stimulation (treatment effect, F3 25 = 14.15, p < .001; genotype effect, F4 25 = 55.9, p < .001) (g). Data
displayed as mean + SEM. Two-way ANOVA followed by Bonferroni's multiple comparisons. #p < .05, ##p < .01, ###p < .001, *significance to
corresponding genotype control. Parts of this figure were created with Biorender
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Furthermore, this leads to the idea that infiltrating monocytes from
the periphery could also contribute to a reduced inflammatory pheno-
type since CB2 deletion would reduce peripheral cell recruitment and
these cells would be also less activated. This is supported by our pre-
vious results showing indeed that CB2 deletion in an AD mouse
model led to a reduced infiltration of peripheral macrophages and that
these macrophages express less inflammatory cell surface markers
(Schméole, Lundt, Ternes, et al., 2015).

Finally, we aimed at deciphering the molecular mechanisms by
which CB2 deletion influences TLR-mediated microglial activation. Up
to date, CB2 downstream signaling was reported to include the
MAPK/PISK/ERK and JAK/STAT pathway. CB2 activation induces
AKT and ERK1/2 phosphorylation (Bouaboula et al., 1996;
Montecucco & Burger, 2008) but suppresses phosphorylation of
JAK1/2 and STAT1 (Ehrhart et al., 2005). Our co-expression analysis
showed pronounced differences between WT and CB2~/~ microglia
in the KEGG terms “PI3K-Akt signaling pathway” and “MAPK signal-
ing pathway”. We confirmed these findings by demonstrating that
stimulation of WT microglia with ligands for TLR3, 4 and 9 induced
p38 phosphorylation, which was diminished in CB2~/~ microglia. This
connects to previous findings from Romero-Sandoval et al (Romero-
Sandoval, Horvath, Landry, & Deleo, 2009), demonstrating that CB2
activation induces MKP-1 and -3 induction and subsequent ERK1/2
dephosphorylation. However, MKP-1 was also reported to not only
dephosphorylate ERK1/2 but also p38 (Zhou, Ling, & Dheen, 2007). In
contrast, a study in human leukemia cells showed that CB2 activation
leads to p38 MAPK activation (Herrera, Carracedo, Diez-Zaera,
Guzman, & Velasco, 2005). These data indicate that CB2 downstream
signaling might also include p38 MAPK signaling but the reported dis-
crepancies might be due to the ontogeny of cells from central
i.d. yolk-sac or peripheral i.d. hematopoietic origin. Here, for the first
time we showed that this pathway is also crucial for microglia
CB2-signaling. It is well known that p38 MAPK activation by LPS
upregulates the production of inflammatory cytokines such as TNFa
and IL6 (Falcicchia, Tozzi, Arancio, Watterson, & Origlia, 2020). This
strongly supports our idea that CB2 regulates TLR-induced microglial
activity via p38 since we observed diminished p38 phosphorylation in
line with a previous report showing decrease in IL-6 and TNF« release
(Schméle, Lundt, Ternes, et al., 2015).

This study highlights MAPK signaling via p38 phosphorylation as
a connecting link between dampened TLR-induced microglial activa-
tion and CB2 deletion in microglia. Future studies will have to identify
the exact mediator of CB2-dependent p38 phosphorylation.

Our findings clearly show a decreased inflammatory response of
microglia from CB2~/~ mice compared to WT microglia upon stimula-
tion with pro-inflammatory mediators. This further confirms in vitro
and in vivo models of microglia from CB2~/~ mice that presented a
reduced pro-inflammatory phenotype in the response to an inflamma-
tory stimulus such as LPS/IFN-y or dampened neuroinflammation in
an AD mouse model (Schméle et al., 2018; Schméle, Lundt, Ternes,
et al., 2015). On the other hand, CB2 activation is described to attenu-
ate microglial activation upon pro-inflammatory stimulation (Ma
et al., 2015; Merighi et al., 2012; Molina-Holgado et al., 2003),

suggesting an enhanced microglial activation in the absence of CB2.
This raises the question if there are differences in acute CB2 activa-
tion in pharmacological models as compared to CB2 deletion, which
reflects a chronic inactivation of the signaling cascade. Furthermore,
up to now, no study exists that investigates potential effects of TLR
stimulation on the synthesis of endogenous CB2 ligands, namely
2-AG or anandamide, which in turn could modulate CB2 activity in
microglia. Therefore, we cannot exclude that differences between
pharmacological and genetic studies on CB2 activity might be indirect
effects based on a modulation of the endocannabinoid production.

The role of the CB2 receptor in microglial activation is critical in the
case of acute and chronic inflammation. Its expression is downregulated
in microglia under acute inflammatory conditions (Carlisle, Marciano-
Cabral, Staab, Ludwick, & Cabral, 2002; Mecha et al., 2015; Schmdle,
Lundt, Ternes, et al., 2015) but upregulated in the context of several
chronic neuroinflammatory diseases (Benito et al., 2008). These findings
promoted the idea that the CB2 receptor is crucial to control microglial
activation and that its upregulation is necessary to switch microglia from
a pro- to anti-inflammatory state to avoid neurotoxic damage
(Komorowska-Miiller & Schméle, 2021). Our results from a knock-out
model now promote the idea that CB2 is not only needed for the
switch, but also for a full activation. This suggests an even more
important role for the CB2 receptor in microglia activation than previ-
ously thought. However, we are aware that we cannot fully exclude
developmental effects of CB2 deletion which have not been investigated
so far. Therefore, future studies need to include cell type-specific
models and compare constitutive to inducible knock-out models.

Taken together, we demonstrate that the presence of the CB2
receptor is necessary to induce a full TLR-mediated microglial activa-
tion, which is mainly mediated by p38 MAPK signaling. Our data
strongly supports a crucial role of CB2 for microglia activation and an
interference of CB2 receptor signaling with TLR signaling.
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