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Hyaluronan synthesis is necessary for autoreactive
T-cell trafficking, activation, and Th1 polarization
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The extracellular matrix polysaccharide hyaluronan (HA) accumulates
at sites of autoimmune inflammation, including white matter lesions
in multiple sclerosis (MS), but its functional importance in pathogenesis
is unclear. We have evaluated the impact of 4-methylumbelliferone
(4-MU), an oral inhibitor of HA synthesis, on disease progression in
the experimental autoimmune encephalomyelitis (EAE) mouse model
of MS. Treatment with 4-MU decreases the incidence of EAE, delays its
onset, and reduces the severity of established disease. 4-MU inhibits
the activation of autoreactive T cells and prevents their polarization
toward a Th1 phenotype. Instead, 4-MU promotes polarization toward
a Th2 phenotpye and induction of Foxp3™ regulatory T cells. Further,
4-MU hastens trafficking of T cells through secondary lymphoid or-
gans, impairs the infiltration of T cells into the CNS parenchyma, and
limits astrogliosis. Together, these data suggest that HA synthesis
is necessary for disease progression in EAE and that treatment with
4-MU may be a potential therapeutic strategy in CNS autoimmunity.
Considering that 4-MU is already a therapeutic, called hymecromone,
that is approved to treat biliary spasm in humans, we propose that it
could be repurposed to treat MS.
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Multiple sclerosis (MS) is an autoimmune disease of the
central nervous system (CNS). In MS and its mouse model,
experimental autoimmune encephalomyelitis (EAE), lympho-
cyte infiltration is associated with destruction of myelin, often
leading to profound neurologic impairments (1, 2). Although
much is known about the cellular factors that contribute to dis-
ease progression in CNS autoimmunity, the contributions of the
extracellular matrix (ECM) remain relatively poorly understood.

One ECM component that is abundant at sites of autoimmune
inflammation is hyaluronan (HA), a glycosaminoglycan that
contributes to tissue structure as well as cellular migration, sig-
naling, and development (3). HA is synthesized by a class of
integral membrane proteins called HA synthases (HAS1-3) and
extruded through the cell membrane into the extracellular space
(4). HA is highly abundant within chronically inflamed tissues,
including wounds, liver cirrhosis, type 2 diabetes, and atheroscle-
rotic plaques (3). Typically, HA at these sites has proinflammatory
effects, driving dendritic cell maturation and promoting phagocy-
tosis, antigen presentation, and T-cell activation (3-8). HA is also
known to accumulate at sites of autoimmune inflammation, in-
cluding pancreatic islets in type 1 diabetes (9), joints in rheumatoid
arthritis (10), and other autoimmune diseases. In particular, HA
fragments are known to promote inflammatory responses via in-
teractions with Toll-like receptors (TLRs), including TLR2 and
TLR4 (11, 12), and to function as a damage-associated molecular
pattern molecule (13).

In MS, HA deposits are present in areas of demyelination (14).
In the healthy CNS, astrocytes produce low levels of HA, de-
positing it as ECM complexes in the spaces between myelinated
axons and between myelin sheaths and astrocyte processes (15).
Upon injury, however, reactive astrocytes are the main producers
of abundant amounts of HA, which accumulate in the damaged
areas (14, 16, 17). As such, HA is highly abundant within

www.pnas.org/cgi/doi/10.1073/pnas.1525086113

demyelinated lesions in MS and in EAE, where it has been impli-
cated in the extravasation of activated T cells into the CNS (14, 18).

Given these associations with inflammation and autoimmunity,
the suppression of HA production has been explored as a thera-
peutic strategy. The coumarin derivative 4-methylumbelliferone
(4-MU, Hymecromone) in particular has been shown to inhibit HA
production in vitro and in vivo (reviewed in ref. 19). 4-MU functions
as a competitive substrate for UDP-glucuronyltransferase, an en-
zyme involved in HA synthesis (Fig. S1) (20, 21). In addition, it has
been shown that 4-MU treatment lowers HAS expression, thus
reducing the production of HA (21). A recent report has demon-
strated that 4-MU decreases the incidence of autoimmunity in EAE
(22). However, the impact of 4-MU on astrogliosis, and lymphocyte
polarization and trafficking has not been fully delineated.

Here, we have treated EAE mice with 4-MU and assessed the
effect of this treatment on the development and progression of
EAE. In particular, we have tested the hypothesis that 4-MU
treatment prevents the development of a pathogenic T-cell re-
sponse and inhibits the trafficking of autoreactive T cells through
lymphoid organs and into CNS tissue.

Results

4-MU Treatment Prevents and Ameliorates EAE. We first assessed
the impact of oral 4-MU treatment on clinical symptoms of
myelin oligodendrocyte glycoprotein (35-55) (MOGas_ss)-induced
EAE in C57BL/6 mice. Treatment with 4-MU, started before
induction of disease (pretreatment protocol) or after induction
of the disease but before the onset of symptoms (treatment pro-
tocol), significantly reduced the incidence, delayed the onset, and
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Fig. 1. Oral 4-MU treatment prevents and reverses autoimmune demyelination. (A-C) EAE scores of mice treated with 4-MU (5% wt/wt in the chow) started

before induction of disease (A, pretreatment protocol), after induction of disease, before onset of symptoms (B, treatment protocol), or after onset of disease
(when mice reached a score of 1; C, intervention protocol) induced by immunization with MOGss_ss. (D) EAE scores of mice treated with 4-MU started 14 d
before immunization continuously or until day 21 after immunization. Shown are mean scores + SEM; *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney
comparing treated mice with untreated mice (n = 10). Arrows indicate timing of disease induction (black arrows depicting immunization at day 0 and gray
arrows the second PTX injection at day 2), and gray shaded boxes indicate the duration of 4-MU treatment.

decreased the severity of EAE (Fig. 1 4 and B and Table S1). The
incidence of EAE was 28% and 40% after pretreatment and
treatment, respectively, compared with 90% in untreated animals.
In addition, disease onset was delayed by 8.9 and 11.1 d. Severity
was reduced to an average score of 0.03 + 0.03 (peak score 1.0 +
0.0) and 0.15 + 0.11 (peak score 2.0 + 0.6), after 4-MU pre-
treatment or treatment, compared with an average disease severity
of 2.2 + 0.2 (peak score 3.7 + 0.2) in untreated animals. Moreover,
an intervention protocol where 4-MU treatment was started after
onset of symptoms (when animals reached a score of 1) signifi-
cantly reduced disease severity to an average score of 1.4 + 0.2
(peak score 2.6 + 0.2) (Fig. 1C and Table S1), indicating that 4-MU
ameliorates established disease.

To determine whether ongoing 4-MU treatment is required for
extended disease prevention, we stopped treatment at day 21 after
induction of disease. At this time point, treated animals showed no
signs of disease, whereas untreated animals were at peak of dis-
ease. Cessation of treatment led to an immediate manifestation of
disease, displaying the same kinetics as untreated disease at first

onset (Fig. 1D). This indicates that the therapeutic effect of 4-MU
requires continuous treatment.

4-MU Treatment Skews Th Cell Profiles Away from Th1. To determine
how 4-MU treatment affected the inflammatory process in EAE,
we analyzed the profile of infiltrating inflammatory cells in the
spinal cord of 4-MU-treated and untreated animals using flow
cytometry. Correlating with disease severity, total numbers of in-
filtrating inflammatory cells at peak of disease (day 22 after immu-
nization) were significantly reduced by all 4-MU treatment protocols
(Fig. 24 and Fig. S2). This reduction was mostly due to a reduction
in the number of infiltrating CD4* T cells (Fig. 2B and Fig. S34).
We therefore further assessed infiltrating Th1, Th17, and Th2 sub-
sets in the spinal cord, using intracellular staining for IFN-g, IL-17,
and IL-4, respectively. 4-MU treatment mostly reduced the number
of infiltrating Th1 cells, whereas it only mildly reduced Th17 cell
numbers and did not affect Th2 cell numbers (Fig. 2C and Fig. S3B).

We further examined the effects of 4-MU on immunity within
secondary lymphoid organs. Splenocyte proliferation after
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Fig. 2. 4-MU treatment alters Th cell profiles. (A) Total number of cells, (B) total number of CD4* cells, and (C) number of IFN-g—, IL-17—, and IL-4-producing
cells detected in spinal cord tissue of naive mice and EAE mice left untreated or after treatment with 4-MU using the treatment protocols described in Fig. 1.
Cells were isolated from pooled spinal cords of five animals reflecting the average score per treatment group at peak of disease (day 22 after induction of
disease) and analyzed by flow cytometry after intracellular cytokine staining. (D) Proliferation of splenocytes isolated from naive mice and EAE mice left
untreated, or after the various 4-MU treatment protocols at peak of disease, as measured by thymidine incorporation. Shown are individual values and mean +
SEM; *P < 0.05, unpaired t test, n = 4-5. (E) Number of IFNg-, IL-17-, and IL-4-producing cells in spleens at peak of disease (day 20) and (F) early in disease (day 3
after induction of disease). Splenocytes were isolated from five separate animals reflecting the average score per treatment group and analyzed by flow
cytometry after intracellular cytokine staining. Shown are individual values and mean + SEM; *P < 0.05, Mann-Whitney.
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in vitro restimulation was reduced by all treatment protocols at
peak of disease (Fig. 2D). We did not observe skewing of the Th
response away from Thl in secondary lymphoid organs at peak
of disease (Fig. 2E). However, it did manifest at these sites early
in the disease, before inflammatory cells had migrated to the
CNS (on day 3 after immunization; Fig. 2F).

Consistent with these effects on peripheral Th subset polari-
zation in the EAE model, we observed similar skewing away
from IFN-g, IL-17, and IL-6 production and toward production
of IL-4 and IL-5 in nonimmunized mice treated with 4-MU. In
addition, treatment of these animals induced an increase in cells
expressing GATA3, the master transcription factor of Th2 po-
larization (Fig. S4).

Together, these data indicate that 4-MU limits Thl polariza-
tion in both CNS autoimmunity as well as in peripheral, non-
inflamed tissues. However, the pace of these effects differs depending
on the tissue in question.

4-MU Treatment Alters Treg Profiles. Given the reduced inflammation
and improvements in disease outcomes, we asked whether 4-MU
treatment enhanced immune regulation. We indeed observed that
4-MU treatment increased the infiltration of Treg into the spinal
cord at peak of disease (Fig. 34). Treg numbers returned to un-
treated levels when treatment was withdrawn (Fig. 3B), showing
that continued inhibition of HA synthesis is necessary for the effect
of 4-MU on Treg.

Concomitant with higher numbers of Treg in the spinal cord, we
observed higher numbers of Foxp3* Treg in lymphoid tissue in
4-MU—treated animals at peak of disease and in naive animals
treated with 4-MU (Fig. 3C and Fig. S5 4 and B). In addition,
lymphoid tissue contained a higher proportion of CD4"CD25* T
cells that also expressed the Treg costimulatory receptor glucocorti-
coid-induced tumor necrosis factor receptor-related protein
(GITR), a regulator of Treg function (23, 24), both at peak of
disease and in naive-treated animals (Fig. 3D and Fig. S5B).

To further explore the effect of 4-MU on the phenotype of
Treg, we assessed the impact of 4-MU on Treg induction in vitro.
4-MU treatment initiated 24 h after stimulation of GFP-Foxp3-
negative CD4" T cells with anti-CD3/CD28 in the presence of
IL2 and TGF-p increased the fraction of induced Treg and their
expression of Foxp3 as well as GITR (Fig. 3E).

Together these data support the conclusion that 4-MU treatment
promotes the differentiation of Foxp3™ Treg.

4-MU Treatment Impairs T-Cell Trafficking. Given the observation
that T-cell infiltration into the spinal cord was reduced, we in-
vestigated how 4-MU treatment impacts trafficking of T cells. To
test this, we performed adoptive transfer of autoreactive, MOG-
specific CD4" T cells harvested from immunized, luciferase-
expressing donor mice into albino C57BL/6 mice.

Trafficking of cells to the spleen occurred early in untreated
mice and was visible in all mice 3 d after transfer, whereas this was
delayed and more transient in 4-MU-treated mice. In these ani-
mals, cells were only visible in the spleen in three out of four mice
and mostly after 7 d (Fig. 4 4 and B, arrows, and Fig. S6).
Moreover, cells did not persist in the spleens of 4-MU-treated
mice as long as in untreated mice. Cells were visible in the spleen at
three time points (with 3-4-d intervals) in untreated mice, whereas
they were visible at two time points in 4-MU-treated animals (Fig.
4 A and B, arrows, and Fig. S6). Trafficking to lymph nodes was
likewise observed in some of the untreated mice after 3-7 d but not
in the 4-MU-treated mice (Fig. 4 A and B, arrow heads, and Fig.
S6). Signal of transferred cells was lost by day 14 and reappeared in
lymph nodes of some untreated mice by day 19, persisting until day
42, but did not reappear in 4-MU-treated mice (Fig. S6).

In addition to tracking CD4™ T cells throughout the whole body,
we used 2-photon microscopy to assess the movement of trans-
ferred CD4* cells and endogenous Foxp3* Treg in lymph nodes.
Analyzing the trafficking of these subsets of cells revealed that
4-MU treatment led to an increase in the speed of both transferred
CD4* T cells and endogenous Treg (Fig. 4C, Fig. S7, and Movie
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Fig. 3. 4-MU treatment supports the activation and persistence of Treg and
their infiltration into the spinal cord. (A) Numbers of Foxp3™ Treg in spinal cord
tissue at peak of disease (day 22) after the various 4-MU treatment protocols and
(B) at day 34, 14 d after cessation of treatment (at day 21 postimmunization,
4-MU > control) compared with continuous treatment until day 34 (4-MU).
(C) Percentage of Foxp3™ Treg in the spleen and lymph nodes (LNs) at peak
of disease. (D) Percentage and expression levels of GITR (geometric MFI) of
CD25high/GITR-expressing CD4* cells in the spleen and LNs at peak of disease.
Shown are individual values and mean + SEM; *P < 0.05, Mann-Whitney.
(E) Percentage of Foxp3* cells and expression of Foxp3 and GITR in
in vitro-induced Treg. 4-MU treatment was started 24 h after induction of Treg
from CD4" T cells using CD3/CD28 stimulation in the presence of IL-2 (100 1U/mL)
and TGF- (50 ng/mL), and cells were analyzed 48 h later. Shown are mean
values + SEM; *P < 0.05, **P < 0.01, Mann-Whitney.

S1). This suggests that the interaction of T cells with resident lymph
node tissue and cells is more transient after 4-MU treatment.

Consistent with impaired trafficking to inflamed tissues, we saw
less neuroinflammation in mice treated with 4-MU. In control
mice, histology of brain tissue harvested at peak of disease showed
widespread infiltration of CD45" inflammatory cells into the brain
parenchyma, associated with the presence of activated, glial fibril-
lary acidic protein (GFAP)-expressing astrocytes (Fig. 4D). CD45*
cells were present in brain tissue of 4-MU-treated animals as well,
but their localization was restricted to the perivascular spaces and
the meninges and extended less into the parenchyma.

Together, these data indicate that 4-MU treatment leads to a
reduction in interactions between T cells with tissue parenchyma,
a reduced transit time of these cells within secondary lymphoid
tissue, and diminished infiltration into the CNS parenchyma.

4-MU Treatment Inhibits Astrogliosis Associated with EAE. Astrocytes
are known to be high producers of HA in neuroinflammation
(14-17). We therefore evaluated the effect of 4-MU on astrogliosis
in vivo and in vitro. Assessing the number of astrocytes in the spinal
cord at peak of disease by flow cytometry, we found that 4-MU
treatment decreased the number of astrocytes in the CNS (Fig. 54).
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This finding was supported by a marked reduction in immunore-
activity for GFAP in the brain parenchyma of treated animals (Fig.
5B and Fig. S8). Conversely, untreated animals showed widespread
astrogliosis and colocalization of HA with reactive astrocytes (Fig.
5B, Figs. S8 and S9, and Movie S2). These areas were also asso-
ciated with infiltration of CD45" cells (Fig. S9).

Consistent with these data, 4-MU dose-dependently inhibited
astrogliosis in primary mouse astrocytes in vitro, as measured in a
scratch assay (Fig. 5C). In addition, we observed a mild decrease
in HA content in spinal cord sections upon in vitro 4-MU
treatment (Fig. S10).

Together, these findings suggest that 4-MU reduces astrogliosis,
which is associated with HA depositions and T-cell infiltration.

Discussion

In the present study, we have examined the impact of 4-MU, an
inhibitor of HA synthesis, on disease progression in the murine
EAE model of MS. We demonstrate that 4-MU can both prevent
EAE and ameliorate established disease, corroborating earlier
findings (22). Moreover, we show that 4-MU treatment alters the
phenotypic polarization of T cells and their trafficking to inflamed
CNS tissue that underlies disease progression in this model.

O

Invasion (% of area)

SRt

Mo

Fig. 5. 4-MU treatment reduces astrogliosis and colocalization of HA with
astrocytes in EAE. (A) Numbers of GLAST" astrocytes in the spinal cord at
peak of disease after the various 4-MU treatment protocols, analyzed by
flow cytometry. (B) Immunofluorescence for HA (red) and GFAP (green) in
cerebellar cortex of untreated and 4-MU-treated mice at peak of disease.
(C) In vitro astrogliosis depicted as percentage of scratched area that was invaded
by astrocytes after 48 h. Shown are averages of three replicates + SEM.
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Fig. 4. 4-MU treatment results in more transient
trafficking of T cells through secondary lymphoid
organs and reduced infiltration into the CNS.
(A) Ventral and (B) dorsal view of adoptively transferred
luciferase-expressing, MOG-specific lymphocytes.
Imaging was started 30 min after injection of the
cells into the peritoneal cavity (d0), and luciferase-
expressing cells were tracked for up to 42 d. Arrows
and arrowheads indicate detectable luciferase signal
in the spleen and lymph nodes, respectively. Shown
is one representative per group of two independent
experiments (n = 4 each). (C) Quantification of the
speed of transferred naive CD4* T-cell (red histograms)
and endogenous Foxp3* Treg (green histograms)
populations in untreated or 4-MU-treated mice (2 wk
treatment). Cells were imaged by 2-photon micros-
copy in the popliteal lymph nodes 16 h after transfer
and tracked for 15 min. Shown are representatives of
three independent experiments. Bars indicate mean +
confidence interval. (D) H&E staining of cerebral white
matter (Left panels) and immunofluorescence for CD45
(red) and GFAP (green) in the cerebellar peduncle
(Middle panels) and the cortex of the cerebrum
(Right panels) of untreated and 4-MU-treated mice
at peak of disease (22 d after immunization).

Our results indicate that 4-MU treatment fundamentally alters
the polarization of T cells. In particular, we found that 4-MU
treatment skewed responses toward Th2 and away from the Thl
and Th17 subsets that typically predominate in EAE. Consistent
with this result, we observed increased numbers of cells expressing
GATA3, a key transcription factor involved in generating Th2 re-
sponses, upon 4-MU treatment. CD44, the primary HA receptor, is
known to interact with some of the same Src/JAK/STAT signaling
pathways that are involved in Th polarization (6), and it may be
that absence of HA-mediated CD44 signaling impacts T-cell po-
larization in ways that favor GATA3 and Th2 differentiation. In
support of this theory, CD44-deficient mice are likewise known to
exhibit increased GATA3 expression and a bias toward Th2, ac-
companied by reduced Th1/Th17 differentiation (25, 26).

We also found that 4-MU treatment increased Foxp3* Treg
numbers in both the spinal cord and secondary lymphoid tissue.
This is consistent with our recent report of 4-MU-mediated
enhancement of Treg in mouse models of autoimmune diabetes
(27) and with past work on the impact of 4-MU on EAE (22).
Our data indicate that 4-MU also promotes increased expression
of GITR, a key effector molecule for Treg (23, 24). Together,
these effects on Th subsets and Treg may create an immunologic
milieu that limits CNS autoimmunity.

Our results further reveal that 4-MU treatment inhibits leukocyte
trafficking to inflamed CNS tissue. In particular, we find that 4-MU
reduces transit time of lymphocytes through lymph nodes and re-
duces their retention within inflamed tissues. This is consistent with
previous reports that HA can act as an anchor molecule for CD44*
lymphocytes, facilitating their adherence to endothelial cells and
ECM structures (3, 28, 29). There are also indications that CD44
contributes to lymphocyte adhesion and diapedesis through the
blood-brain barrier (30, 31) as well as specific trafficking to inflamed
sites (32). Although reports on the implications of CD44 deficiency
for neuroinflammation in EAE are conflicting (18, 26, 33), it has
been shown that blocking CD44 using a monoclonal antibody pre-
vents EAE by reducing T-cell infiltration into the CNS (31).

Similar to HA, we have shown earlier that another known li-
gand for CD44, osteopontin (OPN), is abundantly present in MS
lesions and lack of the gene results in ameliorated EAE (34).
This effect is associated with skewing of the autoreactive T-cell
response away from Th1, whereas administration of OPN promotes
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the survival and infiltration of T cells into the CNS (35). Of note, a
connection between HA and OPN has been described in various
contexts. Overexpression of OPN induces HAS2 expression and
ECM production, and enhances cell binding to HA in cancer cells
(36-38). Conversely, it has been shown that OPN is a transcrip-
tional target of HA-induced signaling and that the expression of
both is correlated with migration of glioma cells (39, 40). Although
the precise nature of the interaction between OPN and HA in
T-cell activation and neuroinflammation remains to be further
elucidated, our data indicate that the production of HA is a key
element in these processes.

Furthermore, we show here that 4-MU treatment reduces
astrogliosis in vitro and in vivo. Historically, the role of astrocytes in
neuroinflammation has been thought to be limited to a secondary
response to injury, creating an inert astroglial scar that prevents
further damage. However, more recent findings suggest that,
depending on the context, (aberrant) astrogliosis could play a
pathological role in a variety of neurological diseases, including MS
(41, 42). It has been shown that astrogliosis is a major component
contributing to HA deposition in EAE lesions (14, 22). Reactive
astrocytes produce high levels of HA, and this HA might in turn
provide a feed-forward loop by signaling through CD44 on reactive
astrocytes, thereby sustaining astrogliosis (43, 44). We hypothesize
that through this production of HA, reactive astrocytes play a role
in the infiltration of pathogenic T cells into the CNS. This is in line
with recent studies that illustrate a role for astrocyte activation in
mediating MS and EAE progression and the recruitment of T cells
to the CNS in EAE (45, 46). Considering that there are currently
few therapies targeting astrocyte activation in neurological disease,
our finding that 4-MU treatment reduces astrogliosis in vivo is
therefore particularly pertinent to its therapeutic potential.

Together, our findings suggest that inhibition of HA synthesis may
be a novel therapeutic strategy in CNS autoimmunity. Considering
that 4-MU is currently an approved therapeutic throughout Europe
and Asia, we therefore propose that 4-MU treatment has great
promise for the treatment of MS as well as other autoimmune dis-
eases where HA has been implicated in disease progression (10, 27).
Multiple issues must be addressed, however, before 4-MU can be
evaluated for treatment of autoimmunity in humans, including
questions of dosing. In the present study, we incorporated 5% 4-MU
into standard mouse chow, a formulation that we previously
established delivers 250 mg per mouse per day, yielding a plasma
drug concentration of 640.3 + 17.2 nmol/L (47). This regimen has
been shown to suppress HA levels in several tissue types, including
serum and pancreatic tissues (27). However, this dose is substantially
more than the dose of 4-MU typically given to humans (19). As-
sessments of the minimal effective dose and optimal dosing interval
of 4-MU in these models would be important to know. Furthermore,
the clearance kinetics of the drug would be valuable, given the rapid
recurrence of EAE upon cessation of 4-MU treatment. In addition,
it would be important to demonstrate that the effects of 4-MU
reported here are due exclusively to HA inhibition and not to other
potential anti-inflammatory effects, such as antioxidative properties.
Although hymecromone is typically well-tolerated in people and we
have not observed any side effects of long-term (over 9 mo) treat-
ment in mice, a comprehensive survey of potential side effects, such
as effects on connective tissues and immunologic parameters,
of 4-MU would also be warranted.

In summary, we report that the ECM, and HA in particular, may
be an active contributor to autoimmune pathogenesis in EAE and,
furthermore, that 4-MU is a promising potential treatment for
CNS autoimmunity, pending further study.

Methods

Induction and 4-MU Treatment of EAE. EAE was induced in female C57BL/6J
mice (Jackson Laboratories) at 8-12 wk of age by s.c. immunization with an
emulsion containing 200 pg of MOGss_ss in saline and an equal volume of
complete Freund’s adjuvant containing 400 ng of Mycobacterium tuberculosis
H37RA (Difco Laboratories). All mice were administered 400 ng of pertussis
toxin (List Biological) intraperitoneally (i.p.) at 0 and 48 h postimmunization.
Mice were monitored daily for clinical symptoms as follows: 0, no clinical
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disease; 1, tail weakness; 2, hindlimb weakness; 3, complete hindlimb paralysis;
4, hindlimb paralysis and some forelimb weakness; 5, moribund or dead.

4-MU (Alfa Aesar) was pressed into the mouse chow at 5% (wt/wt) by
TestDiet and irradiated before shipment, as previously described (47). Spe-
cific 4-MU treatment regimens are described in the figure legends. All ani-
mal experiments were approved by and performed in compliance with the
National Institutes of Health (NIH) guidelines and with the Institutional
Animal Care and Use Committee at Stanford University.

Isolation of Cells and Flow Cytometry. Cells were harvested from spleens,
brachial and axillary lymph nodes, and spinal cord tissue. Spleens and lymph
nodes were homogenized through a strainer, and red blood cells were lysed in
the splenocyte suspensions. Pooled spinal cord tissue from four to five mice per
group was homogenized using a dounce homogenizer. Cells were then isolated
by density centrifugation using a 28% (vol/vol) Percoll solution, layered with PBS.

Cells were stained according to standard protocols using antibodies listed
in Table S2 using staining reagents and protocols as per the manufacturer’s
instructions. Flow cytometry was performed on an LSRIl (Becton Dickinson)
in the Stanford Shared FACS Facility, and data analysis was done using
FlowJo (Treestar).

Histology. Mice were deeply anesthetized with ketamine/xylazine (100 mg/kg
and 7 mg/kg, respectively), transcardially perfused (saline followed by 4%
(wt/vol) paraformaldehyde in PBS), and brains were collected. Tissue was post-
fixed overnight in 4% paraformaldehyde at 4 °C, then cryoprotected in 30%
(wt/vol) sucrose and stored at 4 °C until they were embedded in Optimal
Cutting Temperature compound (Tissue-Tek) and frozen at —80 °C.

Cryosections (20 um) were stained using a free-floating immunohisto-
chemistry protocol. Briefly, after blocking in 5% (vol/vol) normal donkey
serum in Tris-buffered saline with 0.3% Triton X-100 (TBS-T), sections were
incubated overnight at 4 °C in TBS-T with 1% normal donkey serum and the
following primary antibodies: goat anti-GFAP (Abcam ab53554; 1:1,000) and
rat anti-CD45 (clone 30-F11, Life Technologies MCD4500; 1:500). Species-
specific fluorescent secondary antibodies from donkey conjugated with FITC,
Cy3, or Cy5 (Jackson Laboratories) were all used at 1:500. HA was detected
using biotinylated HA binding protein (HABP, 2.5 pg/mL) and secondary
detection using fluorophore-conjugated streptavidin. Imaging was done
with a confocal laser scanning microscope (Zeiss LSM 700), using multi-
channel configuration with a 40x objective and electronic zoom of 1. For
hematoxilin and eosin staining, sections were mounted on superfrost plus
slides. After drying overnight, sections were stained with hematoxylin and
eosin. Images were processed using ImageJ (version 1.44, NIH).

In Vitro Astrogliosis. Primary astrocyte cultures were derived from 7-d-old
mouse pups and enriched using a modified immunopanning method. Briefly,
brain tissue was dissected and enzymatically dissociated to a single-cell
suspension. Microglia were first depleted by two panning steps on plates
coated with BSL-1 (Vector Laboratories). Oligodendrocyte progenitors were
then depleted on an anti-PDGFRa (BD Pharmingen 558774)—coated plate,
and the remaining astrocyte-enriched cell suspension was plated in un-
coated T75 flasks in DMEM (HyClone) containing 10% (volivol) FBS, 4.5 g/L
glucose, 4 mM L-glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin,
and 0.1 mg/mL streptomycin.

Cells, grown in 24-well plates until 80-90% confluent, were scratched with
a 20-200-uL pipet tip and left to proliferate for up to 48 h. Pictures were
taken with light microscopy immediately and 48 h after the scratch insult.
Sets of pictures were then analyzed using ImageJ.

Bioluminescence Tracking of Adoptively Transferred T Cells. For adoptive
transfer of luciferase-expressing autoreactive cells, 7-10-wk-old male B6.FVB-
Ptprca Tg(CAG-luc,-GFP)L2G85Chco Thy1a/) mice, which express the CAT-luc-
eGFP, L2G85 transgene (48), were immunized according to the active EAE
induction protocol. At 10 d after immunization, the spleen and draining
lymph nodes were isolated and restimulated in vitro for 3 d with 10 pg/mL
MOGj3s_ss in the presence of 10 ng/mL IL-12. After this, 15 x 10® lymphocytes
were injected per mouse i.p. into 8-9-wk-old male albino C57BL/6 [B6(CQg)-
Tyrc-2J/J; Jackson Laboratories]. Imaging was initiated 30 min after injection
of the cells and repeated every 3-4 d for up to 42 d.

Bioluminescence was detected with an IVIS Spectrum Imaging System
(Xenogen). Mice were injected i.p. with 150 mg/kg p-luciferin (Xenogen)
10 min before imaging and anesthetized with isofluorane during imaging.
Luciferase signal was quantitated as photons per seconds per cm2 per
steridian using Living Image software 4.4 (Xenogen) and integrated over
5 min. Background bioluminescence signal measured in nontransferred mice
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of both treatment groups, injected with p-luciferin, was subtracted from all
corresponding images.

2-Photon Microscopy. CD4" cells were isolated from spleens and lymph nodes
from C57BL/6 mice and labeled with CellTracker Orange CMTMR dye
(ThermoFisher) according to the manufacturer’s protocol. We transferred 5 x 10°®
labeled cells into Foxp3-GFP-expressing 10BiT mice (49) 16 h before imaging.
Mice were anesthetized by initial i.p injection of 100 mg/kg ketamine, 15 mg/kg
xylazine, and 2.5 mg/kg acepromazine and then supplemented hourly with half
this dose. Mice were placed on a warmed plate and kept at a core temperature
of 37 °C. The popliteal lymph node was gently surgically exposed, preserving
normal blood flow. The foot was placed on a silicone stage, and the lymph node
was covered with a glass-bottom imaging chamber.

Imaging was performed using an Ultima IV 2-photon microscope (Prairie
Technologies) incorporating a pulsed laser (Deep See Mai Tai, Newport Corp.)
tuned to 880 nm to simultaneously excite all used fluorophores: GFP (Foxp3-
GFP cells) and CMTMR (adoptively transferred CD4" T cells). A water-
immersion 20x (N.A. 0.95) objective (Olympus) was used.

To create a typical time-lapse sequence, a 50-80-pm-thick section of lymph node
was scanned at 5 pm Z-steps every 40-50 s. Image analysis was performed with
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IMARIS software (Bitplane Inc.). 3D velocity of T cells was calculated from the
coordinates of their centroids tracked for the full length of a movie (15-20 min).

Statistics. Statistical analysis was performed using GraphPad Prism software,
version 6.0. A Kolmogorov-Smirnov test was used to verify normality of samples.
In samples with Gaussian distribution, an unpaired t test was used to determine
significant differences between groups, or a two-way ANOVA was used to
identify effects of multiple parameters. In samples without Gaussian distribution,
a nonparametric Mann-Whitney test was used to determine significant differ-
ences. A P value less than 0.05 was considered statistically significant.
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