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Abstract

Multiple sclerosis (MS) is an immune-mediated inflammatory disease of the central nervous
system (CNS). A defining characteristic of MS is the ability of autoreactive T lymphocytes to
cross the blood brain barrier (BBB) and mediate inflammation within the CNS. Previous work
from our lab found the gene EnppZ2to be highly upregulated in murine encephalitogenic T cells.
Enpp2 encodes for the protein autotaxin, a secreted glycoprotein that catalyzes the production of
lysophosphatidic acid and promotes transendothelial migration of T cells from the blood stream
into the lymphatic system. The present study sought to characterize autotaxin expression in T cells
during CNS autoimmune disease and determine its potential therapeutic value. Myelin activated
CDA T cells upregulated expression of autotaxin /77 vitro, and ex vivo analysis of CNS-infiltrating
CDA T cells showed significantly higher autotaxin expression compared to cells from healthy
mice. In addition, inhibiting autotaxin in myelin-specific T cells reduced their encephalitogenicity
in adoptive transfer studies and decreased /n vitro cell motility. Importantly, using two mouse
models of MS, treatment with an autotaxin inhibitor ameliorated EAE severity, decreased the
number of CNS infiltrating T and B cells, and suppressed relapses, suggesting autotaxin may be a
promising therapeutic target in the treatment of MS.
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Graphical Abstract

Autotaxin is increased by encephalitogenic T cells during EAE. Treatment with an autotaxin
inhibitor decreases neurological deficit by reducing T cell motility and infiltration into the CNS.
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INTRODUCTION:

Multiple sclerosis (MS) is an immune-mediated demyelinating disease of the central nervous
system (CNS) facilitated by infiltrating autoreactive T lymphocytes. Although it affects
more than 2.8 million people worldwide?, the precise cause of MS is unknown. To better
understand this disease and develop more effective therapies, the molecular mechanisms

that directly facilitate the development and trafficking of encephalitogenic T cells must be
elucidated.

Utilizing the mouse model of MS, experimental autoimmune encephalomyelitis (EAE),

our lab previously determined that the minimum required signals needed to generate
encephalitogenic CD4 T cells, in addition to T cell receptor (TCR) and co-stimulation,
were two combinations of cytokines: interleukin 6 (IL-6) + IL-23 and IL-12 + IL-232. Since
both cytokine combinations require I1L-23, gene expression downstream of IL-23 signaling
in myelin-specific CD4 T cells was analyzed. One of the genes that was over-expressed

by IL-23 encodes the protein autotaxin (ATX), a secreted glycoprotein that catalyzes the
production of lysophosphatidic acid (LPA). Once generated, LPA can bind to six known
G-protein coupled receptors to facilitate growth-factor like signaling, stimulating migration,
survival, and proliferation depending on the number and type of LPA receptors (LPARS)
present3. Although ATX has a range of functions in local tissues, and is critical during
development#?, its expression is largely dispensable in adult mice8, making it a viable
therapeutic target. In fact, ATX inhibitors are being evaluated in clinical trials for idiopathic
pulmonary fibrosis’ and metastatic pancreatic cancer®.

Under healthy physiological conditions, the ATX/LPA axis has direct effects on T cell
motility by facilitating lymphocyte homing and T cell egress from the bloodstream into

the lymphatic tissue at high endothelial venules (HEVs)%19. Inhibiting this pathway /n vivo
decreases T cell motility within the lymph nodes!! , and knocking down ATX also decreases
dendritic cell migration, suggesting ATX plays an important role in motility of immune
cells. LPA can also promote conversion of monocytes into activated macrophages2. Thus,
AT X signaling is profoundly important for both innate and adaptive immunity.

Recent studies, however, indicate that increased ATX may have negative effects during both
systemic and CNS inflammation, and decreasing ATX in these contexts may be clinically
beneficial314. In a mouse model of LPS-induced neuroinflammation, inhibiting ATX or
LPA significantly decreased the presence of proinflammatory markers in both the brain and
the periphery13. A similar effect was seen in a model of hepatic encephalopathy, where there
was a significant improvement in both neuroinflammation and neurobehavioral symptoms in
ATX inhibitor-treated micel®. There have also been several studies investigating the role of
ATX in stroke, as increased ATX is seen in the CSF of patients for up to two weeks after
strokel8, and its inhibition or genetic deletion improved outcomes and decreased blood-brain
barrier permeability in experimental models6-18,

In MS patients, ATX is increased in both the cerebrospinal fluid (CSF) and the plasma,
but this increase is not seen in patients with other chronic neurological conditions®. This
observation was supported by another study that found ATX was increased significantly
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during first documented MS attack, and in relapsing remitting MS (RRMS) patients2C. This
increase in ATX may contribute to lesion formation, as Nagai et al. showed the catalytic
activity of ATX promotes demyelination of ex vivo cultured dorsal root fibers?1. While

the cause and origin of excess ATX during MS is unclear, ATX expression has been

seen in multiple types of CNS cells, including astrocytes, myeloid cells, and microglia, in
response to inflammation or trauma?2-23, Importantly, knocking out ATX in CD11b+ cells,
which include myeloid cells and microglia, decreased severity of EAE, suggesting that ATX
expression by innate immune cells contributes to CNS inflammation?3.

In this study, we investigated the potential role of ATX in encephalitogenic T cells in EAE.
We found that ATX expression is increased upon antigen stimulation in myelin-specific T
cells, as well as in polyclonally activated Th1 and Th17 cells treated with 1L-23, a driver

of encephalitogenic profile. We show that CNS infiltrating CD4 T cells have increased ATX
expression and treating with an ATX inhibitor decreases the pathogenic capacity of these
cells by decreasing T cell motility rather than altering activation or cytokine production.
Lastly, /n vivotreatment with an ATX inhibitor at various timepoints of EAE significantly
decreases CNS infiltrating immune cells, improves clinical score, and decreases severity

of relapses. Taken together, these findings support the idea that ATX may be a viable
therapeutic target for MS.

Since 1L-23 is vital to the generation of encephalitogenic T cells2, we wanted to understand
the downstream effects of 1L-23 that may be contributing to pathogenicity. Microarray data
previously published by our lab showed increased expression of the ATX gene, EnnpZ2, after
IL-23 stimulation in murine MBP-specific Th1l and Th17 cells. To confirm these results,
RT-gPCR was run on polyclonally activated CD4 T cells from three different mouse strains
in the presence of differentiating cytokines. £npp2 expression was only increased in Thl and
Th17 cells when cultured in combination with IL-23 (Fig. 1a—c). Polyclonal activation alone,
or with individual cytokines, was not enough to raise £1pp2 mRNA to the same levels.
These results validate the microarray data and demonstrate that increased ATX expression
by IL-23 in T cells is not a strain-specific observation.

ATX expression is increased by antigen-activated CD4 T cells

It is well established that ATX plays a role in T cell migration and inflammation,
predominantly via ATX expression by high endothelial venules?4. However, a role for ATX
expressed by T cells has not been explored. To determine if ATX is expressed in antigen-
driven autoreactive T cells, myelin-specific T cell receptor (TCR) transgenic splenocytes
were activated ex vivo with myelin peptide for three days, a protocol that generates T cells
that can induce EAE when injected into naive mice2>28, Since ATX is a secreted protein,
intracellular ATX levels were measured by flow cytometry to detect ATX production by
CDA4 T cells prior to secretion (Fig. 1d). No surface ATX staining was detected, ruling

out staining that may be from ATX generated by other cell types. Next, we compared

ATX levels in resting T lymphocytes to those activated with antigen (Fig. 1e—g). Negligible
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ATX expression was observed in resting T cells (Fig. 1f), but upon activation a population
of CD3+ T cells increased ATX expression (Fig. 1g). Further gating on CD25, a marker
of T cell activation, shows that this population is primarily made up of activated CD4 T
cells. Some activated CD4 T cells were also negative for ATX staining, suggesting ATX
expression may be either time-dependent, or a characteristic of a subset of CD4 T cells
rather a defining characteristic of activation alone. These data show that ATX expression
is increased on the protein level in activated, autoreactive T cells and can be detected
intracellularly via flow cytometry.

ATX is increased in CNS infiltrating CD4 T cells

We next asked if ATX is increased in encephalitogenic T cells /n vivo by analyzing

CNS infiltrating T cells during EAE. Brains, spinal cords, spleens, and draining lymph
nodes were collected from SJL/J mice, a relapsing-remitting model of MS, with

severe neurological deficits following EAE induction (clinical scores of 4, day 16 post
immunization), and healthy control mice. Immune cells were isolated from tissues and
brought up as single cell suspensions before staining for surface markers and intracellular
ATX. EAE mice showed a significant increase in the number of ATX+CD4+ T cells in

the spinal cord and brain compared to healthy mice (Fig. 2a—c, f). Interestingly, while
ATX+CD4+ T cells were also significantly elevated in the draining lymph nodes nearest
the immunization site, this result was not observed in the spleen (Fig. 2d, €). This suggests
that the encephalitogenic T cells generated in the draining lymph nodes increase ATX
expression, and this increase is maintained when the cells traffic to the CNS. We also
investigated changes to ATX+CD4+ populations in the CNS draining lymph nodes but saw
no significant differences with EAE (Supplemental Fig. 1). It is well known that ATX is
highly expressed in CD11b+ cells during EAEZ3. Our results confirm this finding and we
also found there to be no notable increase in ATX in CNS infiltrating B cells (Fig. 2f).
Together, these results indicate that ATX expression is increased by select immune cell
subsets during EAE and this may be playing a role in CNS inflammation.

ATX inhibition decreases motility and encephalitogenic potential of T cells

HA-130 is a potent (IC59=28nM), boronic acid-based ATX inhibitor that binds to the
orthosteric site and decreases turnover and affinity of LPC, the precursor to LPAZ7. To
determine if inhibiting ATX affects the ability of cells to become encephalitogenic, we
activated myelin-specific TCR transgenic T cells ex vivo with myelin peptide in the presence
of HA-130 and then transferred the activated myelin-specific T cells into B10.PL mice.

Mice that received the HA-130-treated T cells showed decreased disease severity (Fig. 3a),
and while all the mice ultimately developed disease, the HA-130 group had prolonged
disease-free survival compared to controls (Fig. 3b).

To delineate if the effects of ATX inhibition were due to changes in survival, proliferation,
or differentiation, TCR transgenic T cells were similarly activated with antigen in the
presence of HA-130. After three days in culture, there were no differences in cell survival
as determined by trypan blue viability, or proliferation as determined by 3[H]-thymidine
incorporation, compared to vehicle treated cells (Fig. 3c—d). There were also no changes
in CD4 T cell activation as assessed by CD25, or intracellular ATX expression determined
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by flow cytometry (Fig. 3e). To access if ATX inhibition impacted cytokine production,
secreted IFN+y, IL-17 and GM-CSF were analyzed via ELISA. These cytokines were chosen
based on their known contributions to encephalitogenicity?8-30, No difference in GM-CSF
or IFNy secretion was observed in the HA-130 treated T cells (Fig. 3f), and while there
was a statistical increase in IL-17 after HA-130, it is likely not physiologically relevant.
Alterations in chemokine receptors were also briefly investigated (Supplemental Fig. 2),
but there was little change, if any, in most of the molecules analyzed, including CCR2,
CCR6, VLA4, PGSL-1, CXCR3 (not shown), CD62L (not shown), and PD-1 (not shown).
However, there was notable decrease in the percentage of CD30+ T cells and increase

in CCR7+ T cells within the activated CD4 population which may have the potential to
decrease trafficking of T cells to the CNS.

Miao et al. showed that addition of ATX to Jurkat cell cultures induces chemokinesis

in vitra®L. In contrast, we analyzed whether the ATX produced by activated T cells was
sufficient to facilitate motility. To test the hypothesis that HA-130 may be decreasing
CNS infiltration by inhibiting chemokinesis, activated myelin-specific T cells were plated
in the top well of a transwell plate with vehicle or HA-130. The number of migrated

cells significantly decreased with HA-130 treatment (Fig. 3g). This supports the theory
that HA-130 treatment may act to decrease CNS infiltration by hindering chemokinesis of
activated T cells.

To confirm that HA-130 was inhibiting ATX generated by T cells specifically, CD4+ T cells
differentiated into an encephalitogenic Th1 phenotype were polyclonally activated for two
days and then replated in serum-free media with vehicle or HA-130 for 24 hrs. Supernatants
were collected and screened for ATX activity. HA-130 noticeably decreased ATX activity
of cultured T cells (p=0.0795) (Fig. 3h), supporting the hypothesis that ATX generated by
CDA4+ T cells may be contributing to disease.

In combination with the /n vivo experiments, these data suggest that while treatment with
an ATX inhibitor decreases the motility and encephalitogenic potential of myelin-specific T
cells, it does not alter T cell survival, proliferation, or cytokine production in response to
antigen, all of which are necessary for proper T cell function and host defense /n vivo.

Treatment with ATX inhibitor decreases clinical severity of EAE at disease onset

Since inhibiting ATX decreases encephalitogenicity, we next asked if treating EAE mice
with HA-130 has any clinical benefit. To do this, two different EAE models were treated
with HA-130 during different time points of disease. A prior study utilizing a different
ATX inhibitor found inhibiting ATX from day one post immunization decreased clinical
severity of disease32. To determine if inhibiting autotaxin has therapeutic value, HA-130
was administered to mice with established disease. EAE was induced in C57BI1/6J mice and
HA-130-infused chow was fed at 10mg/kg or 50mg/kg every day for two weeks beginning
when 30% of the mice had developed signs of disease. After ending treatment, the mice
were observed for an additional two weeks. There was a significant decrease in clinical
score during the treatment period for both doses compared to the vehicle treated mice, but
the clinical benefit subsided when treatment was stopped (Fig. 4a). This was likely due to
the rapid clearance of HA-130 from circulation as reported by others?’. While both doses
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improved signs of EAE to the same degree, the higher dose of HA-130 (50 mg/kg) provided
a slight delay in onset (Fig. 4b), while the lower dose showed less weight loss during
treatment (Fig. 4c).

This study was replicated in an experiment in which mice received the drug /p. instead

of orally to test for efficacy differences between administration routes. Each mouse began
£.p. injections 24hr after the onset of clinical signs, and scores are shown normalized to the
first day of treatment for each mouse (Fig. 4d—e). The same treatment effect was observed
with the two doses of HA-130, and the 50mg/kg group maintained lower scores for longer
after the conclusion of the treatment. These data indicate that there is little difference
between administration routes, and the effects of ATX inhibition are transient, necessitating
continued presence of the inhibitor to have sustained clinical benefits.

Approximately 80-85% of MS patients present with relapsing remitting disease,
characterized by periods of active clinical symptoms followed by periods of remission33.
This phenotype can be modeled in the research setting when EAE is induced in female
SJL/J mice34. To better determine the clinical benefit of ATX inhibition at different stages
of disease, SJL/J mice were treated with HA-130 during the initial acute attack and during
the first remission. When mice were treated with 10mg/kg HA-130 or vehicle /i.p. every day
for one week during the initial acute attack, there was a significant improvement in clinical
scores compared to control-treated mice, suggesting that inhibiting ATX during the acute
phase is beneficial (Fig. 5a). Like in C57BI/6J mice, this benefit subsided when the drug
was no longer administered. When treatment was initiated during the first remission in both
active EAE (Fig. 5b) and passively induced EAE (Fig. 5c), relapses were suppressed in the
mice treated with HA-130, but like with the other studies, this treatment benefit was lost

at the conclusion of treatment. Taken together these data indicate that ATX inhibition after
the onset of CNS autoimmunity can decrease the clinical severity of disease and suppress
relapses.

Autotaxin inhibition reduces CNS infiltrating CD4 T cells

To elucidate why ATX inhibition improves neurological deficits, the number of CNS
infiltrating immune cells were quantified after treatment with HA-130 at 10mg/kg in chow
(Fig. 6a). HA-130 treatment significantly decreased the number of CNS infiltrating CD4 T
cells in the brain (p=0.0001) and spinal cord (p=0.0582) compared to vehicle treated mice
(Fig. 6b). There was also a notable decrease in B cells in the brain (p=0.0639) and spinal
cord (p=0.0657), that coincided with decreased T cell numbers (Fig. 6¢). While there may be
a slight reduction in infiltrating myeloid cells of the spinal cord, neither the brain or spinal
cord showed statistical significance (p=0.9013 and p=0.5166, respectively) (Fig. 6d). These
data suggest that the benefits observed by HA-130 treatment may be due, at least in part, to
reduced T cell-induced neuroinflammation.

Immune cell numbers in the blood and lymph tissue were also assessed to investigate if

T cell trafficking was impaired by HA-130 in the context of EAE. Inhibiting ATX caused
small fluctuations in immune cell numbers in the injection site draining lymph nodes and
the spleen at this timepoint (Fig. 7a-b), but those changes were not significant compared
to vehicle treated mice. Interestingly, HA-130 did significantly decrease the number of T
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cells (p=0.0414) and B cells (p=0.0127) in the blood, bringing the levels down to match
those seen in healthy controls (Fig. 7c). This effect was not observed in the myeloid
cell population. Taken together, these data show that immune cell trafficking and CNS
infiltration is significantly altered by inhibiting ATX in EAE.

DISCUSSION:

The present study revealed that ATX expression is increased by T cells that drive CNS
autoimmunity and treating with an ATX inhibitor is beneficial at several timepoints during
EAE. We provide evidence suggesting that ATX is associated with T cell infiltration into the
CNS, highlighting a novel contribution of the ATX/LPA axis to autoimmune pathology and
neuroinflammation.

Activated Th1 and Th17 murine T cells increase ATX expression after IL-23 stimulation.
Interestingly, HUR, an RNA-binding protein that is involved in the stabilization of ATX
Mrna3® has been implicated in EAE38 . When HuR is knocked out or pharmacologically
inhibited, there is a decrease in blood-brain barrier permeability, EAE severity, and
infiltrating immune cells3%:37. While HuR indirectly affects other pathogenic factors such
as T-bet, it directly regulates IL-12RB1 expression, which is the shared receptor subunit of
IL-12 and IL-2338, It is intriguing that inhibiting ATX, one of many downstream targets of
this transcription regulator, produces several of the same effects seen with global knockout
or inhibition of HuR itself. Future study needs to be done to determine the role of HuR in
promoting AT X expression downstream of IL-23 signaling in CD4 T cells.

Thirunavukkarasu et al. found that treatment with a different ATX inhibitor decreased
clinical EAE when dosed orally, twice daily, at 30mg/kg beginning at the day of
immunization32. While this poses interesting implications for disease prevention, in clinical
practice, MS patients do not begin therapeutic intervention until after they meet strict
diagnostic criteria3®. For this reason, our study focused on treating animals with established
disease rather than beginning treatment the same day as immunization. Here, we find that
inhibiting ATX is beneficial in active EAE of C57BI/6J mice when administered after onset
of disease, both /p. and orally, at doses up to 50mg/kg. We also show that HA-130 decreases
relapse severity in both active and passively induced EAE in the SJL/J model, which has not
been previously examined. Lastly, we show that HA-130 decreases CNS infiltrating T cells
and reduces T cell motility /n vitro, highlighting a novel role of ATX in promoting T cell
encephalitogenicity during EAE.

LPA, the product of ATX signaling, induces rapid, but reversible, blood-brain barrier
permeability in a concentration-dependent manner®?. In a mouse model of ischemic stroke,
HA-130 was found to rescue blood-brain barrier integrity by decreasing LPA levels and
supporting maintenance of tight junction proteins!®. There is no evidence to suggest that
HA-130 directly crosses the blood-brain barrier, so this study focuses on the effects it has
on peripheral immune cell infiltration, with the caveat that HA-130 may be able to enter
the CNS at sites where the blood-brain barrier is compromised, such as lesions. With that
in mind, there are a few possibilities as to why HA-130 may decrease EAE severity that go
beyond global inhibition of LPA.
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Multiple studies have shown that HA-130 prevents lymphocyte egress across high-
endothelial venules, suggesting that inhibiting the enzymatic activity of ATX has direct
consequences on T cell trafficking®19. In fact, HA-130 has been shown to decrease the
ATX-induced motility of T cells through suppression of the FAK/Src signaling pathway31.
Our results show that pre-treatment of autoreactive CD4 T cells /in vitro with HA-130
reduces the severity of disease in our adoptive transfer model. Therefore, one theory is that
ATX inhibition may prime encephalitogenic T cells to be less motile when transferred into
recipient mice, which may impede CNS infiltration. In support of this theory, Zhang et al
2012 found that pretreatment of lymphocytes with ATX leads to effective transmigration
of T cells across a monolayer of endothelial cells in the presence of LPC®. In our study,
we found that inhibiting the ATX generated by myelin-activated T cells decreases this
motility. Of note, several current therapies for MS interfere with ATX signaling on T cells
as well. Fingolimod, a sphingosine I-phosphate (S1P) receptor modulator, blocks T cell
egress from the lymph nodes by preventing S1P signaling. ATX, in addition to catalyzing
the majority of systemic LPA, regulates S1P production and is competitively inhibited

by Fingolamod*!. Another common therapy, Natalizumab, is a monoclonal antibody that
binds to a4B1 integrins to prevent T cells from trafficking to the CNS4L. ATX also binds
the same integrins to generate LPA in close vicinity to its receptors on the surface of T
cells, which may contribute to extravasation#243, Thus, competition for this integrin binding
by Natalizumab may hinder local LPA production and therefore contribute to decreased

T cell trafficking. Taken together, these studies support the notion that ATX inhibition
influences T cell motility, directly or indirectly, and this may be contributing to improved
clinical outcomes seen in EAE. Mechanistic studies of HA-130 on encephalitogenic T cell
trafficking need to be run to confirm this hypothesis.

While we show that ATX+CD4+ T cells are more abundant in the CNS of EAE mice
compared to controls, we cannot rule out the impact of inhibiting ATX/LPA produced

by other cell types. As previously determined, there is evidence to suggest that ATX
derived from myeloid cells and microglia may be negatively contributing to EAE23, ATX
is also highly expressed by astrocytes after neurotrauma?2. In a model of neuropathic pain,
inhibiting ATX shows clinical benefit and decreased presence of activated microglia and
astrocytes**. Thus, in addition to cell-specific effects, HA-130 may be helping reduce EAE
signs by decreasing the neuroinflammation associated with ATX production by glia and
infiltrating myeloid cells. Of note, ATX plays a role in oligodendrocyte differentiation
during development in zebrafish®4. While it is unclear what role ATX plays in myelin
regeneration in the adult brain after neurotrauma or inflammation, the contribution of ATX
to and from these various cell types should be considered in future studies.

Like high-endothelial venules, ATX is also highly expressed in the brain*346. The choroid
plexus, a vascular network comprised of specialized cells that surround the ventricles,
secretes robust amounts of ATX into the CSF#7. Not only is the choroid plexus an important
site for immune surveillance?84°, but it is also an entry point for activated Th1 cells*8 and
Th17 lymphocytes during early EAE®0. The mechanism behind immune surveillance and
trafficking at this site is limited, though with high local levels of ATX, it is conceivable that
ATX may be playing a role in T cell infiltration at the choroid plexus in a manner similar

to that observed in peripheral high-endothelial venules. Thus, another possible theory for
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the clinical benefit of ATX inhibition in EAE may be to impede signaling at this local cell
milieu.

Naive T cells primarily express LPA receptors 2, 5 and 6°1. Of note, LPAR2 is involved

in immune cell homing to the spleen during EAE20, but the contribution of LPAR2 to
inflammation seems to vary based on immunological context. Genetic deletion of LPAR2
has no effect on LPS-induced sepsis* suggesting that the presence of LPAR2 on T cells

is not necessary to fight systemic infection. Interestingly, while global knockout of this
receptor in EAE led to worse clinical symptoms, inhibiting LPAR2 therapeutically was
clinically beneficial2C. This suggests that LPAR2 may be important to multiple cell types
during EAE but blocking it in circulation may be specifically helpful during autoimmunity
as opposed to infection. These findings support our hypothesis that inhibiting the ATX/LPA
axis may be advantageous in the context of MS.

The molecular drivers of encephalitogenic T cells in MS and EAE remain uncertain. Our
research has found that ATX, a secreted glycoprotein that is involved in facilitating the
motility and extravasation of T cells, contributes to encephalitogenicity in the mouse model
of MS. Through gene expression analysis, we have identified the proinflammatory cytokine
IL-23 as an important regulator of ATX expression in CD4 T cells. We find increased ATX
on T cells in the brain, spinal cord, and lymph node cells of EAE mice, but no significant
difference on those in the spleen. Additionally, we show that inhibiting ATX decreases

the encephalitogenic potential of T cells without hindering T cell survival, proliferation, or
cytokine production, and /n vivo inhibition provides significant clinical benefit during three
different timepoints of EAE. Taken together, these data suggest a role of ATX in driving
CNS inflammation and that its inhibition should be further evaluated in the treatment of MS.

MATERIALS AND METHODS:

Mouse Studies

Experimental autoimmune encephalomyelitis (EAE) was induced in C57BI/6J mice
(Jackson Laboratory) and SJL/J mice, age 8-15 weeks. Complete Freud’s Adjuvant

with 4mg/mL crushed, deactivated mycobacterium tuberculosis and 1mg/mL myelin
peptide [MOG 35-55 (C57BI/6) or PLP139-151 (SJL/J)] were emulsified and injected
subcutaneously above shoulders and hips of anesthetized mice, 50uL per injection site for
a total of 200pL emulsion. For studies using C57BI/6J mice, pertussis toxin (List Labs,
50ug/mL) in 200uL PBS was diluted to 200-400ng depending on lot potency and injected
intraperitoneal (/.p.) on the day of immunization (day 0) and two days post-immunization
(day 2). Mice were then monitored for signs of EAE beginning on day 9 post-immunization.
EAE scores defined as follows: 0- no clinical signs, 1- limp tail, 2- moderate hindlimb
weakness, 3- severe hindlimb weakness, 4- complete hindlimb paralysis, 5- quadriplegia,
and 6- deceased due to EAE. All animal studies were conducted in accordance with The
Institutional Animal Care and Use Committee protocols at The Ohio State University.

For adoptive transfer studies, splenocytes from a TCR Va2.3 V8.2 transgenic mouse,
which recognize MBP Ac1-1152, were cultured with 10 pg/mL MBP Ac1-11 in the presence
of irradiated B10.PL feeder cells and 1uM HA-130 (Calbiochem) or vehicle for 3 days. The
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cells were then washed with PBS and 5X10° cells were injected /,p. into WT B10.PL mice.
Clinical monitoring began three days after injection.

HA-130 preparation and treatment

Lyophilized HA-130 (Calbiochem) was purchased in 10mg vials and reconstituted in
dimethyl sulfoxide at 50mg/mL and stored at —20°C until use. For /7p. injections, HA-130 in
the specified dose was diluted in sterile PBS. Polyethene glycol 200 (PEG 200) was added
to increase solubility of the drug, and the injection volume for each mouse was 200uL/day.
Vehicle treated mice received /7p. injections of DMSO, PEG 200, and PBS in the same doses
as HA-130 treated mice. Drug-treated chow was made in one-week intervals. HA-130 or
vehicle, at 10mg/kg or 50mg/kg, was evenly distributed on pellets using 100% ACS-grade
ethanol in a chemical hood. Ethanol was allowed to evaporate, and then treated chow was
placed in the food hopper and in a petri dish on the floor of the cage to ensure accessibility
for all diseased mice. /n vitro studies were conducted with 1uM of HA-130 diluted from
stock in DMSO.

Flow cytometry

For ex vivo analysis of murine lymphocytes, single cell suspensions were generated from
spleens and lymph node. Axillary, brachial, and inguinal lymph nodes were pooled for
isolation. Our flow cytometry protocols adhered to the standards as described in Cossarizza
et aP3. Cells were blocked in 1% BSA/PBS with FC block for 15 mins prior to the
addition of antibodies (Supplemental Table 1). Antibodies were added to cells for 30 mins
at room temperature (RT) before washing three times with 1% BSA/PBS. Cells were then
fixed with Fixation/Permeabilization solution (BD Biosciences) for 20 mins on ice. Cells
were washed three times with 1X BD Perm/Wash™ buffer before adding FC block and
primary non-conjugated rabbit anti-mouse/human ATX antibody (LS Biosciences). Cells
were incubated at RT for 1hr then washed three times with 1X Perm/Wash™ buffer. Rabbit
IgG APC-conjugated secondary antibody (R&D Systems) with FC block was then added for
30mins at RT before washing three final times and resuspending in 0.5% formaldehyde.

Samples were run on BD FACSymphony™ A3 Cell Analyzer and processed with FlowJo™
v10.8.1 Software (BD Life Sciences). Statistical analysis was performed with GraphPad
Prism version 9.3.0 for Mac OS, GraphPad Software, San Diego, California USA,
www.graphpad.com

Isolating CNS infiltrating immune cells

Healthy or EAE mice were euthanized with CO», and brain and spinal cords were collected
in sterile PBS. Samples were added to 2mL digestion buffer (2.5mg/mL collagenase with
10ug/mL DNase in PBS), and incubated at 37°C for 45 mins, with shaking every 15 mins.
Samples then passed through a 70um cell strainer and washed with 8mL PBS. Cells were
recovered by centrifugation at 1500rpm for 5 mins and resuspended in 6mL of 38% Percoll®
before centrifuging again at 2000rpm for 30 mins. Supernatant was removed and the cell
pellet resuspended in 2mL PBS. Cells were washed once more with PBS and then brought
up as a single cell suspension and stained for flow cytometry.
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ELISAs

Immulon™ 2 HB Flat Bottom Microtiter Plates (ThermoFisher) were coated with 2ug/mL of
capture antibody for murine IFNy (BD Biosciences), IL-17 (eBioscience), GM-CSF (R&D
Systems) and refrigerated overnight. Plates were washed twice with 0.05% Tween 20 in
PBS and blocked for 1hr with 200uL 1% BSA/PBS. Supernatants were collected from
samples after three days in culture and diluted with PBS before 100uL was added to ELISA
plates. Two-fold dilutions were made from recombinant murine IFNy, IL-17, GM-CSF

and 100uL added to plates in the following concentrations: 2, 1, 0.5, 0.25, 0.125, 0.063,
0.031, or Ong/mL. All samples and standards were plated in triplicate. Plate refrigerated
overnight and washed 4 times with PBS/0.05% Tween the following day. Biotin-conjugated
detection antibodies were added to plates at 1ug/mL for 1hr at RT. Plates washed six

times with PBS/0.05% Tween and 2.5ug/mL avidin-peroxidase (Millipore Sigma) added for
30mins at RT. Plates were washed six times with PBS/0.05% Tween and 100uL 3,3",5,5"-
Tetramethylbenzidine solution (Millipore Sigma) added for 5-15 mins until color developed.
Reaction was quenched with 100uL 2N H,SO, and plates read on Molecular Devices Emax
Precision Plate Reader at 450nm. Softmax® Pro version 5.0 (Molecular Devices) was used
to process plate, and data was analyzed in Excel. GraphPad Prism version 9.3.0 for Mac OS
was used to generate graphs and run statistical analysis. Values were defined as significant if
p<0.05.

CDA4+ T cell isolation and RT-qPCR

After collecting cultured cells and washing once with PBS, CD4+ T cells were isolated
using MojoSort™ Mouse CD4 T Cell Isolation Kit (Biolegend), then resuspended in Trizol
(Life Technologies) and stored at —80°C. RNA was isolated and measured with NanoDrop
(Thermo Scientific) before generating cDNA according to the Superscript™ 111 kit protocol
(Invitrogen). RT-gPCR plates (384-well) were loaded with 80-100ng cDNA, 5uL Universal
Tagman® PCR Master Mix (Applied Biosystems) and 0.5uL mouse £npp2 TagMan® Primer
(Thermo Fisher Scientific, Mm00516572_m1), with 0.5uL water. Each sample was plated in
duplicate and HPRT1 was used as an endogenous loading control. Plate was processed in the
OSU Cancer Genomics Core Facility. RQ values represent 272ACT values calculated from
endogenous loading control in Excel and visualized with GraphPad Prism.

[3H] Thymidine Incorporation Assay:

Murine splenocytes were isolated and plated in quadruplicate on a 96 well plate. 100,000
cells were activated with 1ug/mL of plate bound anti-CD3/CD28 (BD Biosciences) or MBP
Ac1-11 at 10pg/mL. HA-130 (1pM) and/or specified cytokines were added to the cells
before culturing for three days at 37°C. On day three, 30uL of [3H]-thymidine (10pCi/mL)
in cell culture media was added to the plate and cells were incubated overnight at 37°C.
Cells were harvested on filter plates and thymidine incorporation was measured using
TopCount® NXT™ Microplate Scintillation and Luminescence Counter (Perkin Elmer).
Data analyzed with GraphPad Prism 7.
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Transwell Migration Assay

Myelin-specific splenocytes from TCR Va.2.3 V8.2 mice were plated 1:10 with WT
B10.PL splenocytes and activated with 10ug/mL MBP Acl-11 for 24hr. HA-130 (1uM) was
added to cells the day before collection, and then cells were replated in serum free media
(RPMI-1640 with HEPES) in the top well of a Transwell® plate (0.5um pore size, Corning).
HA-130 (1uM) or vehicle was added to the top well with the cells in 100uL total volume,
and 600 pL serum free media was added to the bottom well. Samples were incubated for
20hr in incubator, and then cells that migrated into the bottom well were collected and
counted with Vi-CELL BLU Cell Viability Analyzer (Beckman Coulter). Samples ran in
triplicate, mean = SEM, Unpaired T test with Welch’s correction. All data representative of
two independent experiments.

Autotaxin Activity Assay

Statistics

Splenocytes were collected from 4 WT C57BI/6 mice and CD4+ T cells were isolated
using mouse CD4+ T Cell Isolation kit (Miltenyi Biotec) according to the manufacturer
protocol. Purity of cells was checked by flow cytometry and samples had >97% purity.

T cells were plated in 48 well plates at 1x108 cell/well and activated with Dynabeads™
Mouse T-Activator CD3/CD28 beads (Gibco) at 1:10 (beads:cells). Recombinant mouse
IL-12 (R&D Systems) and recombinant mouse IL-23 (R&D Systems) were added to the
culture at 0.5ng/mL and 5ng/mL, respectively, and cells were incubated for 48hr. Samples
were collected, washed once, and replated in serum free media for 24hr with either vehicle
or HA-130 (1 uM). Supernatants were then collected, and an Autotaxin Activity Assay
(Eschelon Bioscience) was run. Manufacturer protocol was followed for sample addition
and plate set up, and then plate was read using SpectraMax® M2 plate reader (Molecular
Devices). Plate reader was set to 37°C with an excitation of 485nm and emission at 528nm.
Plate was read 6 times/well every 2mins for 2hrs. Data analysis performed using the Excel
spreadsheet provided by Eschelon Bioscience and is reported in “ATX Units” defined by
the manufacturer as “pM FS-3 hydrolyzed/min in 10 pM FS-3, 50 mM Tris-Cl pH 8.0, 5
mM KCI, 1 mM CaCl2, 1 mM MgCI2, 140 mM NaCl, 1 mg/ml Fatty Acid Free BSA,

1 mM LPC at 37°C”. Samples were run in duplicate and data represent two independent
experiments.

Statistical analysis was performed in GraphPad Prism 7 and all tests are denoted in the
figure legends. Welch’s T test was used to analyze data comparing two groups, with
pairing applied when appropriate. Mann-Whitney test was applied for all clinical EAE data
to compare individual treatment groups to the control/vehicle treated group. Values were
defined as significant if p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MS multiple sclerosis

EAE experimental autoimmune encephalomyelitis
CNS central nervous system
BBB blood brain barrier
TCR T cell receptor

LPA lysophosphatidic acid
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HEVs high endothelial venules
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IL interleukin
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Figure 1. Increased autotaxin expression in encephalitogenic T cellsin vitro.
A-C) RT-gPCR for Enpp2in CD4+ T cells from WT C57BI/6J (A), WT SJL/J (B), and

WT B10.PL (C) mouse lines that were polyclonally activated with 1pg/mL of plate-bound
anti-CD3 and anti-CD28 and treated with IL-6, 1L-12, and/or IL-23 in vitro for 3 days.
RQ represents 2722CT values calculated from endogenous loading controls. D-G) Myelin-
specific splenocytes from TCR Va.2.3 V8.2 mice® were plated 1:10 with WT B10.PL
splenocytes and activated with 10ug/mL MBP Acl-11 for 3 days. D) Histogram of ATX

expression in live singlets gated on CD3+CD4+, normalized to mode. Red= intracellular
ATX staining, blue= surface ATX staining, black= secondary antibody only. E-G) Dot plots

depict live singlets gated on ATX and CD3 expression in cells stained with secondary
antibody only (E), or resting (F) and antigen activated cells (G) stained for intracellular
autotaxin. ATX+CD3+ or ATX-CD3+ cells were then gated on CD4 and CD25 to show

percentage of activated CD4+ T cells. Data representative of two independent experiments.
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Gating Strategy for Lymph Nodes Cells and Splenocytes

A Gating Strategy for CNS Cells
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Figure 2: Autotaxin isincreased by CNSinfiltrating CD4+ T cellsduring EAE.
SJL/J mice were immunized for EAE and brains, spinal cords, draining lymph nodes, and

spleens were taken on day 16 post immunization when mice showed clinical scores of

4. Immune cells were isolated as single cell suspensions and stained for flow cytometry.
A) Gating strategies for CNS infiltrating immune cells (left) and peripheral immune cells
(right) in healthy and EAE mice. B-E) Representative dot plots and quantification of
intracellular ATX and CD4 expression on immune cells in (B) spinal cord (p<0.0001),
(C) brain (p=0.0024), (D) draining lymph nodes (p=0.0090), and (E) spleen (p=0.5686).
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Dot plots show data from one representative mouse per group, black= healthy, blue= EAE.
Bar graphs show percentage of CD45+ cells (CNS samples) or CD3+ cells (lymph nodes
and spleens) that are ATX+CD4+ from all replicates, healthy (n=3 mice), EAE (n=5 mice).
Unpaired Welch’s T test, ** denotes p<0.005, *** p <0.0005, **** p<0.0001, mean + SEM.
F) Representative histograms showing ATX expression in CD4+ T cells, B cells, myeloid
cells (CD45"CD11b+), and microglia (CD45'°YCD11b+) in brain and spinal cord samples.
White= healthy, blue= EAE. Histograms normalized to mode. Data representative of two
independent experiments.
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Figure 3: Autotaxin inhibition reduces T cell encephalitogenicity and in vitro T cell motility.
A) Mean clinical scores of EAE mice after adoptive transfer of activated, myelin-specific

TCR Va2.3VB8.2 T cells that were treated with HA-130 (1uM) or vehicle for 4hr in
vitro prior to injection into recipient mice. Number of mice that developed EAE in each
group shown in parentheses. Mean + SEM, p<0.001, Mann-Whitney test. B) Disease-free
survival of mice shown as proportion disease-free over time. Proliferation assay (C) and
viability (D) of myelin specific T cells after /n vitro activation, treatment with HA-130
(1uM for proliferation assay; 0.5, 1, or 2uM for viability assay) or vehicle. Six samples
plated per condition for proliferation assay, mean = SEM , p>0.05, unpaired t-test. Eight
samples plated for viability assay and data are shown as percent viable, mean + SEM ,
p>0.05, paired t-test. E) Contour plots of CD3+CD4+ T cells showing ATX and CD25
expression after 3 days of activation. Cells were activated the same as above in the presence
of vehicle or HA-130 (1uM). Cells were gated by lymphocytes, single cells, live cells, and
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CD3+CD4+. F) Cytokine production of myelin-specific T cells after antigen activation and
in vitro treatment with HA-130 (1uM) or vehicle for 3 days. Samples plated in triplicate,
mean = SEM. GM-CSF (p>0.05), IFNy (0>0.05), IL-17 (p=0.009), Welch’s T test. G)
Myelin-specific splenocytes from TCR Va.2.3 VB8.2 mice® were plated 1:10 with WT
B10.PL splenocytes and activated with 10ug/mL MBP Acl-11 for 24hr in the presence of
HA-130 (1uM). Cells were collected and replated in serum free media in the top well of a
Transwell plate. HA-130 or vehicle added to top well with the cells, and serum free media
was added to the bottom well. Samples incubated for 20hr in incubator, and then cells that
migrated into the bottom well were collected and counted. Samples ran in triplicate, mean
+ SEM, Unpaired T test with Welch’s correction. H) Autotaxin activity assay of cultured
T cells. CD4+ T cells were isolated from 4 WT C57BI/6J mice and polyclonally activated
in the presence of 1L-12 + IL-23 for 48hr. Cells were then collected, washed, and replated
in serum free media for 24hr with 1uM HA-130 or vehicle. Supernatants were collected
and analyzed for ATX activity. Each dot represents the average of duplicate points for one
mouse. Paired T test with Welch’s correction. * denotes p<0.05, ** p<0.005, *** p <0.0005,
**** n<0.0001. All data representative of two or more independent experiments.
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Figure 4. HA-130 decreases EAE severity at disease onset in WT C57BI/6J mice. Female WT
C57BI/6J mice wereimmunized for EAE and treated with HA-130 at disease onset.

A) Mean clinical scores of EAE mice treated with vehicle, 10mg/kg HA-130, or

50mg/kg in chow for 14 days, 24hr after onset of EAE. Before treatment (p>0.05),

during treatment (vehicle:10mg/kg, p= 0.0029, vehicle:50mg/kg, p=0.0057), after treatment
(vehicle:10mg/kg, p=>0.05; vehicle:50mg/kg, p=0.0315). N=6/group, mean + SEM, Mann-
Whitney. B) Disease-free survival of mice shown as proportion disease-free over time. C)
Weight loss shown as percent weight change from starting weight during and after treatment.
During treatment (vehicle:10mg/kg, p= 0.0036; vehicle:50mg/kg, p=0.2699), after treatment
(vehicle:10mg/kg, p=0.0682, vehicle:50mg/kg, p=0.7600), mean = SEM. D,E) Mean clinical
scores of EAE mice treated 10mg/kg HA-130 (D) or 50mg/kg HA-130 (E) administered

L.p. 24hr after disease onset. Data normalized to day 0 of treatment for each mouse.
N=5/group, mean £ SEM, Mann-Whitney. During treatment (vehicle:10mg/kg, p= 0.0002;
vehicle:50mg/kg, p=0.0005), after treatment (vehicle:10mg/kg, p=0.4015, vehicle:50mg/kg,
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p=0.0001). “ns” denotes non-significant, * denotes p<0.05, ** p<0.005, *** p <0.0005,
**** n<0.0001. Data representative of three independent experiments.
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Figure 5: HA-130 treatment decreases EAE severity at peak disease and prior tofirst relapsein
WT SIL/J mice.

A) Mean clinical scores of EAE mice treated with HA-130 (10mg/kg) or vehicle for 7 days
during peak disease. Sample size shown in parenthesis. Prior to treatment (p=0.5102), during
treatment (p= 0.0070), after treatment (0=0.5841), mean + SEM, Mann-Whitney. B) Mean
scores of mice immunized for EAE and treated with HA-130 (10mg/kg) or vehicle 7p. for 3
weeks during remission. Prior to treatment (p=0.9253), during treatment (p= 0.0001), after
treatment (p=0.3680), mean £ SEM, Mann-Whitney. C) Mean clinical scores of mice treated
with HA-130 (10mg/kg) or vehicle /.p. during remission in adoptive transfer EAE model.
Donor mice were immunized with PLP 139-151/CFA and draining lymph nodes collected on
day 10. Lymph node cells were isolated and activated ex vivo with PLP 139-151 (10ug/mL)
for 3 days and then 30X10° cells were injected /.p. into recipient mice. Mice were treated
with HA-130 or vehicle 7 p. for 3 weeks during remission. Prior to treatment (0=0.44.36),
during treatment (p= <0.0001), after treatment (p=0.2087), mean £ SEM, Mann-Whitney.
“ns” denotes non-significant, * denotes p<0.05, ** p<0.005, *** p <0.0005, **** p<0.0001.
Data representative of two or more independent experiments.
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Figure 6. Autotaxin inhibition decreases number of CNSinfiltrating CD4+ T cells. Female WT
C57BI/6J mice wereimmunized for EAE and treated with 10mg/kg HA-130 in chow at disease

onset.

On day 22 post immunization, brains and spinal cords were collected and CNS infiltrating
immune cells were isolated and stained for flow cytometry. A) Mean clinical scores of EAE
mice, n= 4/vehicle, n=6/HA-130, mean + SEM, Mann-Whitney (p=0.0188). Number of CNS
infiltrating B) CD4+ T cells, C) B cells, and D) myeloid cells (all gated on live singlets).
One-way ANOVA with Tukey’s test for multiple comparisons, mean + SEM; “ns” denotes
non-significant, * denotes p<0.05, ** p<0.005, *** p <0.0005, **** p<0.0001. All data

representative of two independent experiments.
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Figure 7. HA-130 changes the number of circulating immune cell populationsduring EAE.
Female WT C57BI/6J mice were immunized for EAE and treated with 10mg/kg HA-130

in chow at disease onset. On day 22 post immunization, immunization site draining lymph
nodes, spleens, and blood were collected and stained for flow cytometry. A-C) Number of
CD3+ T cells, CD4+ T cells, B cells, or myeloid cells (all gated on live, singlets) in the A)
Draining lymph nodes, B) spleen, and C) blood. N=3/healthy, n= 4/vehicle, n=6/HA-130,

mean + SEM, one-way ANOVA with Tukey’s test for multiple comparisons; “ns” denotes
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non-significant, * p<0.05, ** p<0.005, *** p <0.0005, **** p<0.0001. Representative of
two independent experiments.
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