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Abstract

Autotaxin (ATX) is secreted by various type of cells in health and disease and catalyzes
the extracellular production of lysophosphatidic acid (LPA). In turn, LPA is a bioactive
lysophospholipid promoting a wide array of cellular functions through its multiple G-
protein coupled receptors, differentially expressed in almost all cell types. ATX
expression has been shown necessary for embryonic development and has been
suggested to participate in the pathogenesis of different chronic inflammatory diseases
and cancer. Deregulated ATX and LPA levels have been reported in multiple sclerosis
(MS) and its experimental model, experimental autoimmune encephalomyelitis (EAE).
ATX genetic deletion from macrophages and microglia (CD11b" cells) attenuated the
severity of EAE, thus proposing a pathogenic role for the ATX/LPA axis in MS/EAE.
In this report, increased ATX staining was localized to glial fibrillary acidic protein
positive (GFAP") cells, mostly astrocytes, in spinal cord sections from EAE mice at the
peak of the disease. However, genetic deletion of ATX from GFAP" cells resulted in
embryonic lethality, suggesting a major role for ATX expression from GFAP" cells in
embryonic development, that urges further dissection. Moreover, the re-expression of
ATX from GFAP+ cells during the pathogenesis of EAE, reinforces the concept that
ATX/LPA is a developmental program aberrantly reactivated upon chronic
inflammation.
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Introduction

Autotaxin (ATX, ENPP2) is a secreted glycoprotein that catalyzes the extracellular
synthesis of lysophosphatidic acid (LPA), a bioactive growth factor-like signaling
lysophospholipid [1-3]. LPA signals through at least six receptors that exhibit
widespread cell and tissue distribution and overlapping specificities [4]. LPA receptors
couple with G-proteins leading to pleiotropic effects in a large variety of cell types,
including cells of the central nervous system (CNS) [4].

ATX expression is necessary for embryonic development, participating through
LPA production in the development of the vascular and neural systems. Ubiquitous
genetic deletion of ATX results in embryonic lethality [5]. Moreover, ATX has been
suggested to possess matricellular properties, modulating the physiology of
oligodendrocytes as well as neuronal progenitors [6, 7]. In adult healthy life, the ATX
v isoform, that contains a 25 aa insert of unknown function, is highly expressed in the
CNS [8, 9].

Increased ATX and LPA levels have been reported in different chronic
inflammatory diseases and cancer [10]. In the CNS, ATX-dependent LPA signaling has
been suggested to participate in initiation of neuropathic pain [4, 11], while increased
ATX expression has been reported in neuroblastomas and glioblastomas [12].
Deregulated ATX and LPA levels have been reported, with some controversy, in the
sera and cerebrospinal fluid (CSF) of patients with multiple sclerosis (MS) [13-17], as
well as in mice with experimental autoimmune encephalomyelitis (EAE)[17, 18],
suggesting a role for ATX/LPA in the pathogenesis of MS/EAE. Moreover,
pharmacologic potent ATX inhibition has been reported to attenuate the development
of EAE [19], further suggesting potential therapeutic benefits in targeting ATX in MS.

In the context of EAE, activated macrophages and microglia (F4/80" CD11b" cells)
were shown to express ATX, and ATX genetic deletion from CD11b+ cells attenuated
the severity of EAE, suggesting an overall pathogenic role for ATX in MS/EAE
pathogenesis [18]. However, increased ATX levels have been detected in activated
astrocytes following neurotrauma, completely absent in physiological conditions [20].
Astrocytes are the most abundant glial cells, responsible for physical and metabolic
support of other neural cells. They participate in the regulation of immune responses in
the CNS, and orchestrate tissue repair following injury [21]. Moreover, astrocytes are
increasingly recognized as active players in myelination and MS pathogenesis [22, 23].
Therefore, in this report, we examined ATX expression from astrocytes during EAE
development. Increased ATX staining was detected in activated astrocytes in the
inflamed spinal cord upon EAE, suggesting yet another possible source of ATX
expression in the inflamed CNS. However, genetic deletion of ATX from GFAP" cells
resulted to embryonic lethality, suggesting a major role of ATX expression from
GFAP" cells in embryonic development.
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Materials and Methods
Mice

All animal work performed in this work was approved by the Institutional Animal
Ethical Committee (IAEC) of BSRC Alexander Fleming and the Veterinary service
and Fishery Department of the local governmental prefecture (#449 and
#1369/3283/3204) in line with the ARRIVE guidelines. Mice were housed and bred
at the BSRC Alexander Fleming animal facility at steady conditions of 20-22°C
temperature, 55+5% humidity, and a 12-h light-dark cycle. Water and food were given
ad libitum. The generation and genotyping protocols for Enpp2"[5], and TghGFAP-
Cre [24] genetically modified mice have been described previously. All mice were
bred in the C57B16/J genetic background for over 10 generations. The health status of
the mice was monitored at least once per day; no unexpected deaths were observed.
Euthanasia was humanely performed in a CO2 chamber with gradual filling followed
by exsanguination, at predetermined time-points. To identify embryonic lethality in
TghGFAP-CreEnpp2”' mice, embryos from heterozygous TghGEAP-CreEnpp2*/~
intercrosses were removed from the uterus and examined at different embryonic days
post coitum.

Experimental autoimmune encephalomyelitis (EAE)

EAE was induced in 10-12-week-old C57B16/J (H-2%) male mice following a widely
used EAE protocol[25], as previously reported [26, 27]. Mice were subcutaneously
immunized with 100 pg of 35-55 myelin oligodendrocyte glycoprotein (MOGs3s-ss,
MEVGWYRSPFSRVVHLYRNGK, GeneCust), emulsified in Freund’s Adjuvant
supplemented with 1mg of heat-inactivated Mycobacterium tuberculosis H37RA
(Difco Laboratories) to the side flanks. In addition, mice received two intraperitoneal
injections of 100 ng pertussis toxin at the time of immunization and 48h later. Mice
were weighed and monitored for clinical signs of EAE throughout the experiment. EAE
symptoms were scored as follows: 0, no clinical disease; 1, tail weakness; 2, paraparesis
(incomplete paralysis of 1 or 2 hind limbs); 3, paraplegia (complete paralysis of 1 or 2
hind limbs); 4, paraplegia with forelimb weakness or paralysis; 5, dead or moribund
animal. At the day of sacrifice, blood plasma and spinal cord tissue were harvested and
stored. All EAE experimental groups consisted of randomly assigned littermate male
mice. All measures were taken to minimize animal suffering and distress; no invasive
or painful techniques were performed requiring anesthetics or analgesics.

Immunofluorescence

Mouse spinal cords were flushed out of the spinal canal, embedded in OCT and
cryopreserved at -80°C. For immunofluorescence, 7 um sections were sliced
transversely onto super frost glass slides. Sections were fixed in 4% paraformaldehyde
for 20 min at room temperature. Sections were then permeabilized with 0.2% Triton-X
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for 5 min for intracellular antigen detection wherever it was necessary. Non-specific
antigen sites were blocked with blocking solution (Zytomed) for 5 min, followed by
incubation with rabbit anti-mouse ATX (1:500, Cayman and/or Sigma) or rabbit IgG
isotype control or mouse anti-glial fibrillary acidic protein (GFAP; clone G-A-5)
conjugated with Cy3 (sigma, 1:2000) antibodies in 2% BSA at 4°C overnight. All
washes were performed using PBS-Tween 0.05%. The following day anti-rabbit
Alexa488 (Abcam, 1:1000) secondary antibody was applied to ATX stained sections
for 1h at room temperature. All sections were counter-stained with DAPI (Fluoroshield
with DAPI histology mounting medium, Sigma).

Results and Discussion

Increased ATX staining in spinal cord GFAP" cells during EAE

Increased ATX levels have been reported in the spinal cords of mice developing EAE;
some of this ATX increase was attributed to activated CD11b" cell expression, mostly
macrophages and microglia [18]. Here, we show that a robust ATX signal co-localizes
with GFAP" cells in spinal cord sections of relapsing as well as remitting EAE. As
shown in Figure 1A, increased ATX expression was observed during EAE, peaking at
the remission phase as previously reported [18]. Intense ATX staining was detected in
astrocytes at the peak of the disease (GFAP™ cells; Fig. 1A), confirmed with confocal
microscopy (Fig. 1B), suggesting that ATX is expressed from activated astrocytes
during EAE. In line, increased ATX expression from activated astrocytes following
neurotrauma has been previously reported [20]. However, some ATX staining could be
attributed to soluble ATX bound to integrins or other transmembrane or membrane
associated molecules [28-30].

Astrocytic ATX expression could have different roles in EAE pathogenesis via the
production of LPA. As the current dogma/hypothesis suggests, LPA forms and acts
locally while different effects of LPA in astrocyte physiology have been suggested via
well-established signal transduction pathways [4]. In brief, LPA can induce several of
the hallmarks of reactive astrogliosis such as cytoskeletal re-organization [31-33],
proliferation [34] and axonal outgrowth [35, 36]. Moreover, LPA has been reported to
modulate astrocytic glucose uptake [37] and glycogenolysis [38], suggesting that LPA
is involved in metabolic regulation of astrocytes and hence to the overall CNS energy
metabolism, due to the central role of astrocytes in it. Other possible secondary, indirect
effects of astrocytic ATX/LPA include neuronal differentiation [39] and possibly
synaptic transmission [40] that require further exploration.
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Figure 1. Increased spinal cord ATX staining upon EAE, partly localizing with astrocytes (GFAP™).

ATX genetic deletion from GFAP" cells results in embryonic lethality

In order to examine the role of ATX expression from reactive astrocytes in MS
pathogenesis, ATX was genetically deleted from astrocytes by mating the conditional
knockout mouse for ATX (Enpp27H[5] with a transgenic mouse line expressing the Cre
recombinase under the control of the hGFAP promoter (TghGFAP-Cre)[24], directing
cre expression to astrocytes and GFAP" neural stem cells. However, genetic deletion of
ATX from GFAP" cells resulted in embryonic lethality (Table 1, Fig. 2), irrespective of
the origin (paternal or maternal) of the Cre transgene. It is worth noting that the very

few hGFAPCreJr/_EnppZﬂ " mice that were born had not recombined the Ennp2 gene,
unlike the malformed and growth retarded embryos. Therefore, ATX expression from
GFAP+ cells is necessary for embryonic development, extending previous studies
indicating aberrant neural tube formation in ATX deficient embryos [5], whereas neural
tube patterning is closely linked with specification and functions of astrocytes [21].
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Table 1: Genetic deletion of ATX from GFAP+ cells results in embryonic lethality. The expected (E)
and the obtained (O) genotypes from the matings of the conditional knockout mouse for ATX (Enpp2™")
with transgenic TghGFAP-Cre mice.

o | 7 Cre™” Enpp2’* Cre” Enpp2’ 2 Q Cre” Enpp2’™ Cre™ Enpp2’™
&

3 Cre’ Enpp2” Cre*” Enpp2’* 1) Cre*" Enpp2"* Cre” Enpp2’*
genotype E% No 0% No 0% E% No 0% No 0%

Cre™" Enpp2”" 25% 10 14.71 1 1.82 12.5% 0 0 0 0
Cre*” Enpp2’* 25% 46 67.65 26 47.27 25% 22 31.43 12 23.53
Cre"" Enpp2** 0% 0 0 0 0 12.5% 12 17.14 18 35.29
Cre”Enpp2” 25% 12 17.65 22 40.00 12.5% 13 18.60 10 19.61
Cre” Enpp2”* 25% 0 0 6 10.91 25% 19 27.14 1 1.96
Cre” Enpp2™* 0% 0 0 0 0 12.5% 4 5.71 10 19.61
Total 100 68 100 55 100 100 70 100 51 100

Cre: hGFAP-Cre; E: Expected; O: Observed.
TgGFAP-cre hGFAPEnpp2- Enpp2™ hGFAPEnpp2*

E 10.5

E 125

Figure 2. Genetic deletion of ATX from GFAP+ cells results to embryonic lethality.

The results presented here indicate that mature astrocytes produce ATX, as
observed by cell staining following EAE induction (Figure 1). Additionally, ATX
produced from GFAP expressing cells during embryonic development is necessary for
the normal development of the embryo. This does not come as a surprise, given that in
ATX deficient embryos the neural tube does not close, leading to embryonic lethality
[5]. This implicates GFAP expressing cells as the primary sources of ATX in the early
developing embryo. It has been shown that astrocytes start populating the developing
brain at E16, with the majority of astrocytes being produced at the three first postnatal
weeks of development [41]. We thus speculate that ATX is produced by GFAP"
progenitor cells that are present in the embryo at earlier gestational timepoints. GFAP*
progenitor cells in the mouse embryo are thought to exist as multifunctional cells called
radial glia that can produce neurons [42] and astrocytes at a later stage [43]. Cre
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recombination of the GFAP promoter has first been detected as early as at E9.5 in the
neuroepithelium and at E10.5 in a population of cells in the trigeminal ganglia [44].

ATX has been shown to be expressed at ES.5 of mouse development in the anterior
folds of the neural tube and at the most posterior region of the midbrain but at E9.0-
E9.5, ATX expression was strongly reduced in that brain region. At E10.5, prominent
ATX expression was found at the floor plate of the neural tube [45]. This embryonic
ATX expression may co-localise with early GFAP+ expressing cells of the
neuroepithelium, resulting in the embryonic lethality observed in the mouse embryos
expressing ATX under the hGFAP promoter. Further studies will be required to unveil
the role of ATX expression from GFAP+ cells in early embryonic development.
Regarding adult mouse studies, inducible deletion of ATX from GFAP expressing cells
in adulthood could help to further elucidate the involvement of ATX in EAE
pathogenesis.
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