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Fig. 1. OX40L is required for optimal Th2 responses by splenic cDCs in vivo. BALB/c mouse hind footpads were injected with KLH-pulsed ¢DCs isolated from the spleen of

wild-type BALB/c or OX40L=/~ BALB/c mice. LN cells were harvested at day 5 and cultured with indicated doses of KLH. To estimate proliferation, 0.5 pCi *H-thymidine
([*H]TdR) was added during the last 6 h of a 48 h culture, Production of IFN-y, 1L-2, IL-4, IL-5, and IL-10 in culture supernatants at 48 h was determined by ELISA. Results are
presented as mean  SEM. p < 0.05, **p < 0.01, and **p < 0.001. Similar results were obtained in three independent experiments,
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Fig. 2. Expression of OX40L on activated CD8~ and CD8" cDCs. Spleen cells were isolated from BALB/c mice and stained with FITC-labeled anti-CD11c, APC-labeled anti~CD8o,
and biotinylated anti-OX40L or control IgG followed by PE-labeled streptavidin. CD8~CD11c"8" and CD8*CD11c"e" cDCs were isolated from spleens by FACS sorting. Isolated
CD8~CD11c"#" and CD8*CD11c"e" cDCs were stimulated with anti-CD40 mAb in the presence or absence of GM-CSF, IFN-v, and IL-4. Cells were harvested at 24 h and stained
with anti-OX40L mAb or control rat IgG. Thick lines indicate staining with anti-OX40L mAb and thin lines indicate background staining with control IgG. Data are
representative of three experiments.

and WT BMDCs-injected mice. In addition, administration of
neutralizing anti-OX40L mAb to WT BMDCs-injected mice signifi-
cantly reduced Th2 cytokine production similar to OX40L~/~
BMDCs~injected mice. Th2 cytokine reduction was also observed
in KLH-pulsed WT BMDCs injected with anti-OX40L mAb into
IFN-y-deficient mice (Supplemental Fig. S2). These results indicated
a critical role of OX40L in splenic cDCs- and BMDCs-induced Th2

responses in vivo. The inhibition of Th2 responses by anti-OX40L
treatment was not necessarily a result of a shift to Th1 responses.

3.2. Expression of OX40L on splenic cDCs

The expression of OX40L on two major subsets of splenic cDCs
was assessed by flow cytometry. Splenic ¢DCs were separated
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based on CD8c and CD11c expression, into CD8~CD11c™e" ¢DCs
(CD8~ ¢DCs) and CD8*CD11cMe" ¢DCs (CD8* ¢DCs), and stimulated
with agonistic anti-CD40 with or without cytokines (GM-CSF, IFN-
v, or IL-4) for 24 h (Fig. 2). While OX40L expression was not ob-
served on freshly isolated CD8~ or CD8" ¢DCs, it was induced by
anti-CD40 mAb stimulation. Addition of IL-4 reduced OX40L
expression on anti-CD40-stimulated CD8~ and CD8" ¢DCs, whereas
OX40L expression was not affected by the addition of GM-CSF or
IFN-v.

3.3. Effect of anti-OX40L mAb on the development of Th2 responses
induced by KLH-pulsed CD8~ c¢DCs in vivo

We next examined whether KLH-pulsed CD8~ ¢DCs could in-
duce Th2 responses compared with KLH-pulsed CD8" ¢DCs, and
whether OX40L contributes to CD8~ cDCs-induced Th2 responses.
BALB/c mice were injected into the hind footpads with KLH-pulsed
CD8~ or CD8* ¢DCs, and treated with anti-OX40L mAb or control
IgG at days 0, 1, and 3. LN cells were isolated at day 5 and KLH-spe-
cific proliferative responses and cytokine production were as-
sessed. Consistent with previous reports, IL-4 production by LN
cells from CD8~ cDCs-injected mice was significantly higher than
in CD8" cDCs-injected mice (Fig. 3). In contrast, IFN-y production
in CD8" cDCs-injected mice was non-significantly increased com-
pared with the CD8~ cDCs-injected mice. Proliferative responses
and other Th2 cytokine production (IL-5 and IL-10) were similar
between CD8~ cDCs-injected and CD8* c¢DCs-injected mice. Anti-
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0OX40L mAb administration strongly inhibited IL-4, IL-5, and IL-
10 production induced by CD8™ cDCs injection, while IFN-y was
slightly increased. Thus, OX40L has an important role in the devel-
opment of Th2 responses induced by KLH-pulsed CD8~ ¢DCs
in vivo. Furthermore, administration of anti-OX40L mAb reduced
IL-4 production induced by CD8* cDCs injection. Therefore,
OX40L may also regulate IL-4 production induced by KLH-pulsed
CD8* ¢DCs.

3.4. Effect of anti-OX40L mAb in secondary Th2 responses induced by
KLH-pulsed CD8~ ¢DCs in vivo

The 0X40-0X40L pathway is crucial for recall responses when
memory T cells are reactivated [18]. Therefore, we further exam-
ined the role of OX40L in secondary Th2 responses induced by
KLH-pulsed CD8~ ¢DCs in vivo. BALB/c mice were immunized first
into the hind footpads with KLH-pulsed CD8~ ¢DCs at day 0 and
then under the same conditions with KLH-pulsed CD8~ ¢DCs at
day 14. Some groups of mice were treated with anti-OX40L mAb
or control IgG daily from days 0 to 3 in the primary phase and days
14-17 in the secondary phase. LN cells were isolated at day 19 and
the KLH-specific Th2 cytokine production was assessed. Anti-
0X40L mADb administration during the primary phase only, re-
duced IL-4 and IL-5 production compared with control IgG
(Fig. 4). In addition, anti-OX40L mAb administration in the second-
ary phase strongly inhibited IL-4, IL-5, and IL-10 production com-
pared with control IgG. The inhibitory effect of anti-OX40 mAb
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Fig. 3. Effect of anti-OX40L mAb on the development of Th2 responses induced by KLH-pulsed CD8™ ¢DCs in vivo. BALB/c mouse hind footpads were injected with KLH-pulsed
CD8~ or CD8" c¢DCs. Mice were administered 400 pg of anti-OX40L mAb or control rat IgG (ctrl-IgG) i.p. at days 0, 1, and 3. LN cells were harvested at day 5 and cultured with
20 pg/ml of KLH. To estimate proliferation, 0.5 pCi [®H]TdR was added during the last 6 h of a 72 h culture. Production of IFN-v, IL-4, IL-5, and IL-10 in the culture supernatants
at 72 h was determined by ELISA. Results are presented as mean * SEM. *p < 0.05,p < 0.01, and ***p < 0.001. Similar results were obtained in three independent experiments.
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Fig. 4. Effect of anti-OX40L mAD on the development of memory Th2 responses induced by CD8~ ¢DCs in vivo. BALB/c mice were immunized first with KLH-pulsed CD8~ ¢DCs
at day 0 and boosted with the same KLH-pulsed CD8~ ¢DCs at day 14. Mice were administered 400 pg of anti-OX40L mAb or ctrl-IgG i.p. daily from days O to 3 and days
14-17. LN cells were harvested at day 19 and cultured with 10 pg/m! of KLH. To estimate proliferation, 0.5 pCi [*H]TdR was added during the last 6 h of a 72 h culture.’
Production of IFN-y, IL-4, IL-5, and IL-10 in culture supernatants at 72 h was determined by ELISA. Results are presented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
Similar results were obtained in three independent experiments.
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treatment in the secondary phase was comparable to mice treated
with anti-0X40 mAb in both primary and secondary phases. Thus,
OX40L might have an important role in both primary and second-
ary Th2 responses induced by KLH-pulsed CD8™ ¢DCs in vivo.

4. Discussion

The current study investigated the physiological role of splenic
CD8™ cDC OX40L to regulate CD4 T cell Th2 differentiation in vivo.
When antigen KLH-pulsed OX40L-deficient ¢DCs were injected
into BALB/c mice, LN Th2 cytokine production (IL-4, IL-5, and IL-
10) was significantly reduced. Splenic ¢DCs were separated into
CD8~ and CD8" cDCs, A previous study demonstrated that although
injection of KLH-pulsed CD8" ¢DCs induced CD4 T cell differentia-
tion toward Th2 responses, KLH-pulsed CD8* ¢DCs promoted Th1
responses [5]. Consistently, our results indicated that CD8™ ¢DCs
markedly induced IL-4 production and CD8"* ¢DCs tended to induce
IFN-y production. Administration of neutralizing anti-OX40L mAb
significantly inhibited IL-4, IL-5, and IL-10 production induced by
KLH-pulsed CD8~ ¢DCs. Moreover, treatment of anti-OX40L mAb
with KLH-pulsed CD8~ ¢DCs during a secondary response also
significantly inhibited Th2 cytokine production. Thus, OX40L con-
tributes to both the development of Th2 cells and secondary Th2
responses induced by KLH-pulsed CD8~ ¢DCs in vivo. However,
these findings are inconsistent with a previous report where
administration of anti-OX40 mAb enhanced the development of
Th1 cells secreting high levels of IFN-y, but no IL-4 and IL-5, in-
duced by KLH-pulsed CD8~ ¢DCs in vivo [14]. The reason for this
discrepancy is not clear, but it may be attributable to differences
in experimental conditions. The previous study isolated splenic
cDCs from mice treated with FMS-like tyrosine kinase 3 ligand
(FIt3L) on 11 days, whereas mice were untreated in our study.
FIt3 is a crucial factor in humans and mice to promote the develop-
ment of cDCs in vivo and in vitro. However, a bias toward the gen-
eration of CD8" ¢DCs in the spleen was observed in mice treated
with FIt3L [19,20]. The previous study also examined the effect
of exogenous 0X40 costimulation using agonistic anti-OX40
mAD, suggesting such an effect is not mediated by endogenous
0X40-0X40L interactions between CD4 T cells and c¢DCs. Our
results suggest that physiological 0X40-0X40L interactions partic-
ipate in CD4 T cell-CD8™ ¢DCs interactions, and that OX40L on
CD8~ cDCs might contribute to the induction of Th2 responses
in vivo.

In humans, TSLP-activated DCs can promote the differentiation
of naive CD4 T cells into a Th2 phenotype and the expansion of CD4
Th2 memory cells in an unique manner dependent on OX40L in the
absence of IL-12 [12]. TSLP, an IL-7-like cytokine, is produced
mainly by damaged epithelial cells and is a key molecule that links
epithelial cells and DCs at the interface of allergic inflammation by
participating in the programming of DC-mediated Th2 polarization
[21-24]. TSLP activates STAT1, STAT3, STAT4, STATS5, and STATS,
whereas the contributions of individual STAT proteins to the
activation of DCs is unclear [25]. Most recently, a mouse study
demonstrated that DC-specific deletion of STAT5 was critical for
TSLP-mediated Th2 differentiation, but not Th1 differentiation
[26]. Loss of STAT5 in DCs affected upregulation of OX40L expres-
sion in response to TSLP. However, DC subsets in Stat5~/~ chimeric
mouse spleens had a higher proportion of CD8* ¢DCs and a reduced
frequency of CD4* CD8~ ¢DCs compared with Stat5** chimeras,
suggesting STAT5 signaling regulates a balanced production of
these splenic DC subsets in vivo [27]. Thus, STAT5 may be required
for OX40L-dependent Th2 cell differentiation induced by KLH-
pulsed CD8~ cDCs. To confirm this, further studies are required
using STATS5-specific deleted CD8~ c¢DCs. In this study, we demon-
strated that KLH-pulsed OX40L~~ BMDCs injected into hind

footpads of BALB/c mice significantly reduced Th2 cytokine pro-
duction (IL-4, IL-5, and I1L-10) in LN cells compared with WT
BMDCs-injected mice. Consistent with these observations, it was
reported that OX40L expression by GM-CSF-induced BMDCs is
required for optimal induction of primary and memory Th2
responses in vivo [13]. GM-CSF can activate STAT5, and GM-
CSF-activated STATS5 inhibits the transcription of Irf8 [27], which
encodes interferon regulatory factor 8 (IRF8). IRF8 is required for
IL-12 production [25], an essential cytokine required for the induc-
tion of Th1 responses [28]. Therefore, OX40L-dependent Th2
responses induced by KLH-pulsed CD8” c¢DCs might depend on
the absence of IL-12, as [L-12 has a dominant effect over OX40L
in Th cell differentiation [12]. Indeed, we observed that CD8" cDCs
produced high amounts of 1L-12p40 after stimulation with agonis-
tic anti-CD40 mAb, whereas IL12p40 production on CD8~ ¢DCs was
markedly lower (unpublished observation). Taken together, these
findings suggest that the development of Th2 responses by
KLH-pulsed CD8~ ¢DCs requires two conditions: the expression
of OX40L and the absence of IL-12.

However, whether OX40 signaling on CD4 T cells directly in-
duces Th2 differentiation is still unclear. it is well known that
0X40 can bind to TNF receptor-associated factor (TRAF) 2, TRAF3,
and TRAF5. However, these molecules also can bind to other TNF
receptor family molecules. On a transcriptional basis, it was deter-
mined that OX40L expressed by TSLP-DCs induced the expression
of GATA-3 in CD4 T cells, supporting their critical role in Th2 polar-
ization [12]. Another study indicated that OX40 enhanced TCR-in-
duced calcium influx, leading to the enhanced nuclear
accumulation of NFATc1 and NFATc2, that likely regulates the pro-
duction of cytokines {29]. More studies are required to determine
how OX40 signaling promotes Th2 differentiation.
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Introduction

Abstract

Multiple sclerosis (MS) is a chronic demyelinating autoimmune disease of
the central nervous system (CNS) that is usually characterized by alternating
periods of relapse and remission. The involvement of CD4+ helper T cells,
especially the Th1 and Th17 subsets, during MS relapse is well established.
However, recent reports suggest that there is plasticity and functional
diversity of Th17 cells in CNS autoimmunity. Therefore, the overall picture of
“encephalitogenic” T cells is difficult to draw. The chemokine system is fun-
damental for T cell trafficking, and plays essential roles in normal physiology
and autoimmunity. Each Th subset expresses characteristic chemokine
receptors that are critical for homing to inflammation sites. Chemokine
receptor expression profiles on T cells in the cerebrospinal fluid (CSF) of MS
patients reflect certain aspects of the pathology of MS relapse. Mounting
evidence suggests that Th1- and Th17-related chemokines, and chemokine
receptors mediate MS pathology. The scope of the present review was to
discuss recent findings related to chemokine receptor expression and patho-
genic Th cells in MS. This review focuses in particular on
CCR2+CCR5+CCR6— Th1 cells, a newly identified Th cell subset that we
recently showed is enriched in the CSF of relapsing MS patients. Measuring
multiple chemokine receptor expression levels could show unique T cell
subsets involved in the pathogenesis of various autoimmune diseases. (Clin.
Exp. Neuroimmunol. doi: 10.1111/cen3.12130, June, 2014)

Multiple sclerosis relapse can be conceptually
divided into two stages. T cell activation in the

Multiple sclerosis (MS) is a chronic demyelinating
disease of the central nervous system (CNS). A com-
plete understanding of MS pathogenesis has not yet
been attained; however, it is well established that
autoimmune mechanisms serve a central role.
Approximately 80% of MS patients initially develop
a clinical pattern of relapses followed by remissions,
termed relapsing-remitting MS (RRMS).! For dec-
ades, the mechanisms of MS relapse have been
extensively studied using the experimental autoim-
mune encephalomyelitis (EAE) animal model of
human demyelinating CNS diseases, which has aided
in the development of Federal Drug Administration-
approved drugs for treating RRMS. Examining the
mechanisms of the action of approved drugs has
contributed to our understanding of the pathogene-
sis of relapse.”
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peripheral lymphoid organs occurs in the first stage,
and trafficking of activated T cells to the CNS occurs
in the second stage. Such autoreactive T cells in MS
are usually termed “pathogenic” or “encephalitogen-
ic” T cells. In the first stage, T cells reacting to mye-
lin antigens, such as the myelin basic protein (MBP),
might become activated after microbial infection or
exposure to other inflammatory stimuli. Activated T
cells undergo phenotypic transformations that are
characterized by changes of Th cell subtype and
expression profiles of chemokine receptors. The acti-
vated T cells might then migrate into the CNS by
crossing the blood-brain barrier (BBB). The impor-
tance of inflammatory cytokines, such as interferon-
vy (IFN-y) or mediators, such as osteopontin (OPN),
is also well documented. The effectiveness of drugs
that suppress MS relapse provides proof-of-concept
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to support this two-stage model. One good example
is a humanized anti-o4 integrin antibody, natal-
izumab, one of the most potent drugs for RRMS.?
Recently, a live cell imaging technique was devel-
oped using a rodent EAE model to observe in vivo
trafficking of lymphocytes at the BBB during the
course of EAE, which should provide insights into
the mechanisms of T cell migration.*
IFN-y-producing Th1 cells have been long thought
to be a critical Th subtype of pathogenic T cells.
However, after the discovery of interleukin (IL)-17-
producing Thelper cells (Th17 cells), the pathogenic-
ity of Th17 cells has been extensively studied. A
close relationship exists between Th subsets and the
chemokine system, which can orchestrate T cell
migration to specific tissues in both physiological
and inflammatory situations. Namely, each Th cell
subset has a tendency to express (or not express)
specific chemokine receptors. The present review
summarizes recent findings regarding the roles of
pathogenic T cells in MS and their chemokine recep-
tor expression patterns, with a special emphasis on
the mnovel, potentially pathogenic CCR2+CCR5+
CCR6— Thl cell subset identified by our group.”

Th1 and Th17 cells as encephalitogenic T cells

Before the discovery of Th17 cells a decade ago, a
model of Th1/Th2 balance was proposed to explain
the pathology of autoimmune and allergy diseases.
MS was thought to be a representative Thl disease
with Thl predominance. In fact, treating MS patients
with IFN-y worsened the disease, providing direct
evidence of the pathogenic role of IFN-y in MS.®
Furthermore, an altered peptide ligand of MBP
administered to MS patients in a phase 2 clinical
trial showed potential encephalitogenic activity
through the activation of Thl cells.” These clinical
findings suggested a pivotal role of Thl cells during
MS relapse.

Approximately a decade ago, EAE animal studies
showed that Th17 cells serve a critical role in the
pathobiology of CNS inflammation. In an adoptive
transfer model, the pathogenic potential of Th17
cells was found to exceed that of Thl cells. However,
the therapeutic effect of IL-17 blockade was not very
effective,® and EAE was only weakly ameliorated in
IL-17 knockout mice, which suggested functional
roles for other effector molecules bestowed by Th17
cells.

A potentially pathogenic role of human Th17 cells
in MS has been reported. Brucklacher-Waldert
et al.’ investigated the frequency of Thl and Thl17
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cells in the cerebrospinal fluid (CSF) of patients with
RRMS during relapse. Both Thl and Th17 cells were
significantly higher in the CSF than in the peripheral
blood. T cell clones from the CSF expressed higher
levels of activation markers, such as CD69, than did
Thl clones. Furthermore, adhesion molecules medi-
ating the involvement of T cell attachment to endo-
thelial cells (EC), such as CD49d, CD6 and the
melanoma cell adhesion molecule (MCAM/CD146),
were expressed more abundantly in Th17 cells than
in Thl cells. Higher adhesion molecule expression in
Th17 cells resulted in greater adhesion to EC,
increased proliferative capacity and reduced suscepti-
bility to suppression, suggesting that Th17 cells have
high pathogenic potential. Prat et al. have provided
several intriguing findings with regard to the patho-
genicity of Th17 cells in MS. Lymphocytes obtained
from the blood of relapsed MS patients showed an
increased propensity to expand into IFN-y-producing
Th17 cells.'® In brain tissues of MS patients, numer-
ous T lymphocytes co-expressed IL-17 and IFN-y.
Furthermore, IFN-y+ Thl7 cells preferentially
crossed the BBB in an in vitro human BBB model,
suggesting a potential for pathogenicity in this cell
population. Another study showed that IL-17+IL-
22+ T cells can efficiently traverse a modeled BBB in
vitro.*! Intriguingly, this subset expressed granzyme
B, a cytotoxic molecule, and killed human neurons
in vitro. The same group suggested that MCAM/
CD146 is a marker of human Th17 cells with patho-
genic potential.'?

The diversity of lesion locations has long been a
mystery of MS; however, results from several
reports have implied that Th cell types can influ-
ence the localization of lesions in the CNS. Results
from mouse EAE model studies have suggested that
Thl cells are more likely to induce a classical-type
EAE, which mainly affects the spinal cord, whereas
Th17 cells tend to induce an atypical-type EAE
characterized by the presence of brain or cerebellar
lesions, although the details of each study were dif-
ferent.’>*> Collectively, these studies suggest that
both Thl and Thl7 cells mediate the relapse of
MS, possibly through different immunological
mechanisms and at different locations in MS
patients.

Plasticity and functional diversity of Th17 cells

Recent studies have shown that Th17 cells might
have higher plasticity and functional diversity than
originally thought. Th17 cells and regulatory T
cells (Tregs) share several common features.
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Differentiation of both cell types requires transform-
ing growth factor-f (TGF-B), which induces expres-
sion of the Thl7-related transcription factor, RORyt,
and the Treg-related transcription factor, Foxp3. The
combined activities of TGF- to gether with other
inflammatory cytokines, such as IL-6 and IL-1f
influence decisions regarding further differentiation
into Th17 or Treg cells.'® Furthermore, it has been
shown that Foxp3 expression in some Treg cells is
unstable, and these cells might convert to Th17 cells
with pathogenic potential.'” In humans, peripheral
blood and lymphoid tissue contains significant num-
bers of CD4+Foxp3+ T cells that possess regulatory
functions and express CCR6.'® This subset had the
capacity to produce IL-17 on activation by inflam-
matory cytokines, a phenomenon observed even at
the single cell level.'” To summarize, the prevailing
evidence suggests the potential for phenotypic fluc-
tuation of Th17 cells, both in mice and in humans.
Additionally, evidence suggests that Thl7 cells
might be able to transform into Thl cells. For exam-
ple, Hirota et al.?” generated IL-17A reporter mice to
track IL-17A expression in vivo. They found that
during EAE development, IFN-y and other pro-

inflammatory cytokines were produced in an
IL-23-dependent manner almost exclusively by
IL-17-producing cells Dbefore their conversion

(“ex-TH17 cells”), supporting a model of phenotypic
change of Th17 cells into Thl cells. The epigenetic
mechanism underlying Th cell plasticity was investi-
gated by generating genome-wide histone H3 lysine
4 (H3K4) and lysine 27 (H3K27) trimethylation
maps for various Th cell subsets.? Wei et al. found
that genes encoding transcription factors critical for
the Th cell differentiation, such as T-bet, Foxp3 or
Rorc, showed a broad spectrum of epigenetic states,
suggesting high plasticity among differentiated
effector T cells.

Pathogenic and non-pathogenic Th17 cells

With respect to encephalitogenicity, accumulating
evidence suggests that Th17 cells can be conceptu-
ally subdivided into pathogenic and non-pathogenic
categories. Ghoreschi et al. reported that “patho-
genic” Th17 cells efficiently induced EAE, and were
generated in response to IL-23 signaling indepen-
dently of TGF-p signaling. This class of Th17 cells co-
expressed RORyt and T-bet.*> Kuchroo et al.
reported that TGF-B3, together with IL-6, induced
pathogenic Th17 cells. TGF-$3 was produced by
developing Th17 cells in an IL-23-dependent man-
ner, implying a critical role of IL-23. With regard to
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transcription factors bestowing pathogenicity, the
Thl-related T-bet was reported to be a key factor in
inducing the pathogenic functions of Th17 cells,*
although another study did not reach the same con-
clusion.”* Most likely, several factors cooperate to
determine the fates of various Th17 cell types. Inter-
estingly, a study by Kuchroo et al. showed the exis-
tence of a dynamic regulatory network with as
many as 39 regulators controlling Th17 cell differen-
tiation.?’

Two simultaneous publications showed that gran-
ulocyte-macrophage colony-stimulating factor (GM-
CSF) is required for the acquisition of pathogenic
capacity in Th17 cells.”**” Based on the numerous
studies using EAE models, Kuchroo proposed a
model whereby mouse Th17 cells comprise a wide
spectrum with various effector phenotypes.?® In that
model, TGF-f and IL-23 play major roles in shifting
the Th17 phenotype towards regulatory (non-patho-
genic) and alternative (pathogenic) phenotypes,
respectively, although numerous other cytokines are
thought to contribute to fine-tuning of the Thl17
spectrum. The non-pathogenic Th17 subtype is char-
acterized by the production of IL-9 and IL-10, and
expression of the transcription factors, c-Maf and
AhR, whereas the pathogenic Th17 subtype is distin-
guished by IFN-y, GM-CSF and IL-22 production,
and T-bet expression.

The observation of a pathogenic versus non-patho-
genic dichotomy has been reported for human Thl7
cells as well. The importance of IL-18 and IL-12 in
the induction of pathogenic IL-17/IFN-y double pro-
ducing phenotype has been emphasized.”” Recently,
a new human pathogenic Thl7 cell subset
defined by chemokine receptor expression patterns
was reported.’® A fraction of CCR6+CXCR3"-
CCR4'°CCR10-CD161+ cells expressing the P-glyco-
protein (P-gp)/multidrug resistance type 1 protein
(MDR1) showed a pro-inflammatory phenotype and
showed a transcriptional signature akin to patho-
genic mouse Thl7 cells. Such MDRI1+Thl7 cells
were enriched and activated in the gut of patients of
Crohn's disease, and were refractory to several
glucocorticoids, possibly conferring a treatment-resis-
tant phenotype. To summarize, the spectrum of
Th17 cells is broadening to reflect an expanding
appreciation of various functional phenotypes with
high plasticity.

Chemokine system and pathogenic Th cells
Chemokines are a superfamily of small cytokines,

the name “chemokine” being derived from their
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ability to induce chemotaxis in responsive cells with
corresponding chemokine receptors (chemotactic
cytokines).*!"*> Chemokines are subdivided into the
CC, CXC, CX3C and C subfamilies, on the basis of
the organization of two positionally conserved cyste-
ine residues near their N-terminal ends. Approxi-
mately 50 chemokines have been identified thus far
in humans. Chemokines exert chemoattractant
effects through cognate chemokine receptors that
are expressed on the surface of targeted leukocytes.
Chemokine receptors are G protein-coupled recep-
tors containing seven transmembrane domains.
Chemokines are categorized functionally as being
either constitutive (homeostatic) or inducible
(inflammatory). Constitutive chemokines direct the
normal trafficking of leukocytes under physiological
conditions. For example, CCL19 and CCL21 bind
CCR7 to control normal immune homeostasis. How-
ever, inducible chemokines are produced in response
to inflammatory or immune signals, and account for
the increased recruitment of leukocytes under
inflammatory conditions. For example, the binding
of CCL2 (MCP-1) to CCR2 is an important step in
inflammatory responses. One notable characteristic
of the chemokine system is that they are promiscu-
ous in that a given chemokine might bind to multi-
ple chemokine receptors, and conversely, a given
chemokine receptor is able to respond to two or
more chemokines.??

Human memory T cells can be categorized into
two functionally distinct populations related to the
course of their differentiation from naive T cells.
CCR7 is a key regulatory chemokine receptor that
controls homing to secondary lymphoid organs.
Effector memory T cells (TEM) possess a capacity for
migration toward inflamed tissues, show immediate
effector functions and are CCR7 negative. In con-
trast, central memory T cells (TCM) are CCR7+ cells
that express lymph node homing receptors, lack
immediate effector function, but efficiently stimulate
dendritic cells.>* Recent studies have identified a
third subset, termed tissue-resident memory (TRM)
cells,>>>® which resides in peripheral tissues, such as
the skin or intestine, for years without circulating in
peripheral blood and can elicit rapid responses in
situ. Tt has not yet been made clear whether this
population resides in the CNS under physiological or
pathological conditions. As aforementioned, during
the differentiation process of naive T cells to Thl or
Th2 cells, T cells lose CCR7 expression, while acquir-
ing constitutive expression of other inflammatory
chemokine receptors. CCR5 and CXCR3 are prefer-
entially expressed on Thl cells, whereas CCR3,
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CCR4 and CRTh2 expression is characteristic of Th2
cells.’”° In this manner, migration and effector
functions are closely linked to provide a mechanism
of recruiting appropriate immune cells to appropriate
inflammation sites.

Around 2005, Thl7 cells were recognized as a
new subset distinct from Thl or Th2 cells in mice.
In 2007, Acosta Rodriguez et al.*® reported that
human Th17 cells were found in CCR6+, but not in
CCR6- populations. By subdividing CCR6+ cells into
CCR4+ and CCR4— cells, they identified
CCR4+CCR6+ cells that produced IL-17 with little
IFN-y or IL-4. Our group used a similar strategy by
classifying human memory Th cell populations
according to their expression of CCR2 and CCRS.
We found that the CCR2+ populations contained
both IL-17- and IEN-y-producing cells. CCR2+ T
cells consisted of CCR5+ and CCR5— subsets. After
sorting both populations by flow cytometry, we
found that CCR2+CCR5— cells produced mainly IL-
17, whereas CCR2+CCR5+ cells mainly produced
IFN-vy, suggesting that Th17 cells are included in
CCR2+CCR5— populations.*!

Successive studies established that CCR6 was most
closely associated with Th17 cells; both mouse and
human Th17 cells universally express CCR6. In fact,
the majority of CCR2+CCR5— T cells co-expressed
CCR6 (Fig. la). It is noteworthy that CCR6 is also
expressed on other T cell subsets, such as Thl or
Treg cells.*>*?

Chemokines and chemokine receptors in multiple
sclerosis pathology

Given the strong relationship between chemokine
receptor expression and Th cell subset, we studied
chemokine receptor expression patterns in T cells of
MS patients to identify a Th cell subset relevant to
MS pathogenesis. The relative abundance of lym-
phocytes in the CSFE is much lower than that found
in peripheral blood (0-3 lymphocytes/pL in CSF
from normal subjects and in relapsing MS patients),
and most lymphocytes in the CSF are memory CD4+
T cells.** Therefore, 5 mL of CSF might only contain
several thousand memory CD4+ T cells, making it
narrowly possible to estimate the frequency of
chemokine receptor +/— cells in the CSF by flow
cytometry. Previous studies confirmed that CCR5+
Th1 cells are enriched in the CSF compared with the
periphery.*> CCR5+ Thl cells, although small in
number, might be critical for immune surveillance
of the CNS. Natalizumab, a drug that blocks T cells
entry into the CNS, increases the risk of progressive

165



Chemokine receptors in multiple sclerosis

(®) HS (%) MS (%)
2+5+4+6-  10,69+046 11.05+0.59
2+5+4+6+ 10882087 11.09+0.78
245+4-6+ 1291247 |36%1.72
2+5+4-6- 1305191 |3.08+1.05
2+5-4+6- 1027024 104037
2+5-4+6+ 10.57+049 10.95+0.79
2+5-4-6+ 11354135 11.78+1.21
2+5-4-6- 1046025 10.36+0.19
2-5+4+6-  1349+152 1443+1.82
2-5+4+6+ 1363+195 13.84+1.39
2-5+4-6+ 12194092 12674122
2-5+4-6-  19.38+4.61 |11.26+6.79
2-5-4+6-  |18.72+507 |18.32£5.01
2-5-4+6+ 111914391 112214334
2-5-4-6+ 19.04+3.10 [9.62+1.53
2-5-4-6- 13149855 |2533+4.83

Figure 1 Multiple chemokine receptor expression profiles and its
overlap in memory CD4+ T cells. (a) For flow cytometric analysis,
peripheral blood mononuclear cells depleted of CD14+ T cells were
stained with differentially labeled anti-CD4, -CD45RA, -CCR2, -CCRS,
-CCR4 and -CCR6 monoclonal antibodies simultaneously. Venn dia-
grams show the frequency (%) of the cells expressing CCR2, CCR4,
CCR5 and CCR6 in memory CD4+ T cells in peripheral blood from 11
multiple sclerosis (MS) patients in remission. The combination of
three chemokine receptors out of four is shown. (b) Memory CD4+
T cells were divided into 16 subsets based on the expression of
CCR2, CCR5, CCR4 and CCR6. Data from 11 healthy subjects (HS) and
11 MS patients in remission (modified from Sato et al®, with permis-
sion).
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multifocal leukoencephalopathy (PML) caused by
John Cunningham virus, which could reflect the
importance of steady state immune surveillance of
the CNS by CD4+ T lymphocytes.*®

Expression levels of chemokines in the CSF and
chemokine receptors on the CSF lymphocytes and
brain infiltrating T cells of MS patients have been
analyzed.*>*”*? Thl-related chemokines, such as
CXCL9 (Mig), CXCL10 (IP-10) or CCL5 (RANTES),
were reportedly increased in the CSF during acute
relapses. CXCL9 and CXCL10 bind CXCR3, and
CCL5 binds CCRS5, both of which are expressed on
Th1 cells. CXCR3 and CCR5 were upregulated in
both CSF lymphocytes and brain infiltrating cells,
suggesting that Thl cells might contribute to the
pathogenesis of MS relapse.

Regarding the role of the Th17-related chemokine
receptor, CCR6, Reboldi et al.’’found that during
the early phase of EAE, CCR6+ cells penetrated into
the CNS through the choroid plexus, a villous struc-
ture that extends into the lumen of the ventricles
and produces CSF. Examining T cells in the CSF and
in the peripheral blood of clinically isolated syn-
drome (CIS) patients, they observed that a substan-
tial proportion of T cells in the CSF expressed CCR6
on their surface. CIS is the first episode of neurologi-
cal symptoms caused by inflammation and demye-
lination of the CNS, and is potentially the first
episode of MS. Interestingly, the CCL20 protein was
constitutively expressed at high levels in the choroid
plexus in brains of both healthy subjects and MS
patients. These results suggested that CCR6-express-
ing Th17 cells enter into the CNS parenchyma
through the choroid plexus, as guided by the
CCL20—CCRG6 interaction.

The chemokine receptor, CCR2, is expressed on
mutltiple cell types, including monocytes and T cells.
Although CCR2 expression is comparatively weaker
in T cells than that in monocytes, results from sev-
eral reports suggest that CCR2 serves an important
role in T cells relating to MS pathology. CCL2, the
most potent ligand of CCR2, and CCL5 were shown
to be critical for adhesion of encephalitogenic T cells
to brain EC in a mouse EAE model.”! Intriguingly,
CCL2 was decreased in the CSF of MS patients dur-
ing relapses.***»>> Mahad et al.’* found that CCR2+
T cells efficiently migrate across the BBB, using an
in vitro BBB model. CCL2 bound to CCR2 was inter-
nalized, which effectively decreased the CCL2 con-
centration in the medium. This mechanism
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potentially occurs during MS relapse, such that
CCR2+ T cell transmigration through the BBB might
reduce the extracellular concentration of CCL2. The
sparse immunoreactivity of CCR2 seen on infiltrating
T cells could reflect downregulated CCR2 expression
after CCL2 binding and internalization.’* More
recently, it was shown that CCR2 plays a pivotal role
in transendothelial migration of effector CD4+ T cells
through inflamed EC.”> The unique roles of CCL2
and CCR2 in CNS pathology have been reviewed
previously.’%>’

Multiple chemokine receptor expression in multiple
sclerosis

As aforementioned, human Th17 cells are enriched
in CCR4+CCR6+ or CCR2+CCR5— populations.
Therefore, by examining the expression of CCR2,
CCR4, CCR5 and CCR6 on T cells, it could be possi-
ble to evaluate the functional significance of various
Th17 cell subtypes in MS. With the development of
high-throughput multicolor flow cytometry, it has
become feasible to study the expression of multiple
chemokine receptors on cells simultaneously. We
obtained both CSF and peripheral blood samples
from MS patients in relapse during their admission
for treatment, and compared the proportion of mul-
tiple chemokine receptor-positive cells (such as
CCR2+CCR4—CCR5+CCR6— cells), in memory CD4+
T cells, CSF and peripheral blood (Fig. 1).” In agree-
ment with previous reports,***° CCR5+ T cells were
enriched in CSF samples from both MS patients and
control patients (non-inflammatory neurological dis-
ease patients). However, CCR2+CCR5—,
CCR4+CCR6+ or CCR6+ subsets, presumably com-
prising the Th17 cell population, were not enriched.
Unexpectedly, the CCR2+CCR5+ population was
increased in the CSF of the relapsing MS patients,
but not in control subjects. Because the enrichment
was observed only in MS patients, we hypothesized
that they serve a pathogenic role during the relapse
of MS. Interestingly, the increase of CCR2+CCR5+ T
cells in the CSF was not detected in patients with a
disease history of >10 years. This result could be
explained by the model proposed by Weiner’®,
which suggests that in later stages of MS, the contri-
bution of adaptive immunity declines, while innate
immune and neurodegenerative components are
more influential. As previously described, Reboldi
et al.>® observed an increase of Th17 cells in the CSF
of CIS patients. One possible reason for these contra-
dictory results is that different cohorts of patients
were tested, namely, CIS patients and established
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RRMS patients who had experienced several
relapses. Further analyses showed that the
CCR2+CCR5+ T cells were mostly CCR7— effector
memory phenotypes, and showed a Th1/Th1l7 phe-
notype with a large amount of IFN-y and IL-17 pro-
duction. The reactivity to MBP, a putative
autoantigen in MS, was also investigated.
CCR2+CCR5+ T cells from peripheral blood of MS
patients in relapse selectively responded to MBP by
producing a large amount of IEN-y, suggesting an
important role of IFN-y -producing cells in the
cohort (Fig. 2a). Further analyses showed that
CCR2+CCR5+ T cells could be subdivided by CCR6
expression. As expected, CCR2+CCR5+CCR6— T cells
produced much IFN-y and little IL-17. Furthermore,
expression patterns of transcription factors in
CCR2+CCR5+CCR6— T cells were characteristic of
Th1 cells, namely, high T-bet and low RORC. Taken
together, we regard CCR2+CCR5+CCR6— cells as
Th1 cells. In our cohort, CCR2+CCR5+CCR6— popu-
lations, but not CCR2+CCR5+CCR6+ populations,
were increased in the CSF of patients with relapsing
MS, showing a determinant role for Thl cells rather
than Th17 cells (Fig. 2b).

Blood-brain barrier and the migration of
pathogenic T cells

Homeostasis is critical for the proper function of
neurons. The CNS is thus isolated from systemic cir-
culation by the BBB.?° The BBB is a functional unit
consisting of three cell types, namely, specialized EC,
astrocytes and pericytes. The BBB is composed of
two basement membrane (BM) layers, namely, a
BM of blood EC and a BM of astrocyte end-feet
(referred to as the glia limitans). EC and astrocytes
secrete extracellular matrix (ECM) proteins to gener-
ate and maintain BM. ECM receptors, such as inte-
grins and dystroglycans, are also expressed in the
brain microvasculature, and mediate the connections
between cellular and matrix components during nor-
mal physiology and during the development of vari-
ous pathologies. The BBB is not a static barrier, but
rather is a functionally active, dynamic interface
between systemic circulation and the CNS. The com-
position of the ECM can be altered by inflammation,
which affects inflammatory processes in the
CNS.60'61

The transmigration of T cells into the CNS is a mul-
tistep process characterized by a series of sequential
and tightly controlled steps. These steps proceed in
the following order: rolling, activation, arrest, crawl-
ing and transmigration. The final step is further sub-
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Figure 2 Features of CCR2+CCR5+CCR6— Th1 cells: potentially pathogenic T cells in multiple sclerosis (MS). (a) Purified memory CD4+ T cell subsets
were cultured with irradiated antigen presenting cells in the presence of myelin basic protein (100 pg/mL) for 5 days. Concentrations of as interferon-
g (IFN-y) and interleukin (IL)-17 in the supernatants were measured by enzyme-linked immunosorbent assay. Data represented as mean = SD of six
MS patients in relapse. (b) CCR2+CCR5+CCR6~ T cells are enriched in the cerebrospinal fluid (CSF) of MS patients in relapse. Peripheral blood mono-
nuclear cells depleted of CD14+ cells were stained with differentially labeled anti-CD4, -CD45RA, -CCR2, -CCRS, -CCR4 and -CCR6 monoclonal antibod-
ies simultaneously. Comparison of the frequencies of CCR2+CCR5+CCR6— and CCR2+CCRS+CCR6+CD4+ T cells in the CSF and peripheral blood (PB)
samples from the same MS patients in relapse (n = 8). Lines connect data of paired CSF and PB samples from the same patients. (¢} T cell migration
across an in vitro glia limitans model. (Left) The upper sides of Transwell membrane inserts were coated with laminin-2, and normal human astrocytes
(NHA) were seeded on the lower sides of the membrane inserts. T cells isolated from peripheral blood mononuclear cells were stimulated with phor-
bol 12-myristate 13-acetate and ionomycin for 18 h, and seeded onto the upper chambers. A total of 8 h later, absolute numbers of migrated cells
were counted by flow cytometer. Data shown are the percent inhibition of the migration, calculated as follows: ([migrated cell number through
uncoated membrane]—[migrated cell number through membrane coated with laminin alone or laminin and NHA]) x 100/(migrated cell number
through uncoated membrane). Data represent mean values & SD of four independent experiments. (Right) Peripheral blood mononuclear cells from
healthy subjects were sorted into memory CD4+CCR2+CCR5+ T cells (2+5+), memory CD4+ T cells depleted of CCR2+CCR5+ T cells (Not 2+5+) and
unfractionated memory CD4+ T cells (Mem CD4) by flow cytometry. The cells were stimulated with plate-bound anti-CD3/CD28 monocional antibodies
for 60 h, and seeded onto the upper chambers whose membrane were coated with laminin-2 and NHA. A total of 8 h later, absolute numbers of
migrated cells were counted by flow cytometry. To normalize individual variance, data are expressed as the migration ratio of the number of migrated
cells to the number of migrated unfractionated memory CD4+ T cells. Data are represented as mean values = SD of four independent experiments.
#P < 0,05, ¥*P < 0.01, ***P < 0001 (modified from Sato et al.®, with permission).
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divided into transmigration from blood vessels into
the perivascular space, and transmigration from peri-
vascular space into the CNS parenchyma. The precise
mechanism of transmigration through glia limitans
has not yet been elucidated; however, the develop-
ment of multi-cell culture systems possibly recapitu-
lating the glia limitans is beginning to uncover the
molecular mechanism regulating this step.®*** Our
group developed an in vitro BBB model to recapitu-
late the function of the glia limitans. The model con-
sists of a human astrocyte cell line and laminin-1 or
laminin-2, which are components of glia limitans.
The barrier function of this model was evaluated by
blocking the transmigration of activated memory
CD4+ T cells. However, CCR2+CCR5+ T cells effi-
ciently transmigrate through the model, implying the
high transmigration capacity (Fig. 2c). Because of the
paucity of cells, we could not examine the transmi-
gration of CCR2+CCR5+CCR6— cells as compared
with that of CCR2+CCR5+CCRé6+ cells. Therefore, it
has not yet been determined if CCR2+CCR5+CCR6—
Th1 cells have high transmigration capacity. The next
question would be why CCR2+CCR5+ cells show
such a high capacity to transmigrate across the glia
limitans model.

Molecules important for the transmigration of T
cells into brain parenchyma

One of the influential factors in the transmigration
of T cells into brain parenchymal is the matrix me-
talloproteinases (MMP).6*®® MMP are a family of
proteolytic enzymes capable of remodeling and
degrading ECM, and have important roles in devel-
opment and physiology. Previous studies have
shown that several MMP, including MMP-2,
MMP7, MMP8, MMP-9 and MMP14, are upregulat-
ed in serum, CSF and brain tissues from MS
patients. The role of MMP-9 (gelatinase B) in par-
ticular has been emphasized.®””’® MMP-2 and
MMP-9 cleave B-dystroglycans, which are trans-
membrane receptors that anchor the astrocytic
end-feet to the parenchymal BM through interac-
tions with laminins-1 and laminin-2, perlecan, and
agrin to allow cells to enter the CNS parenchyma.
Tissue inhibitor of metalloproteinase 1 (TIMP-1) is
a natural inhibitor of MMP. High MMP-9 and low
anti-proteolytic TIMP-1 levels are reported in the
CSF of MS patients. Higher MMP9/TIMP-1 ratios
are predictive of development of new gadolinium-
enhancing lesions, indicative of new inflammatory
activity in the brain.”*””? IEN-B treatment decreases
MMP-9 expression in MS patients.”* Intriguingly, it
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was reported that Thl cells migrated through the
artificial BM more efficiently than Th2 cells, and
this correlated with higher levels of MMP-2 and
MMP-9 in Thl cells.”” Interestingly, we found that
activated CCR2+CCR5+ T cells in the peripheral
blood of MS patients expressed high MMP-9 mRNA
levels and showed significant enzymatic (collage-
nase) activity.

Steinman et al. reported that there were large
amounts of OPN transcripts in MS lesions,”® high-
lighting its role in MS pathogenesis. OPN is a mem-
ber of the family of small integrin binding proteins
termed SIBLING proteins that execute multiple bio-
logical functions, especially in inflammation.”” The
involvement of OPN in EAE and MS was first
shown by Steinman® In an EAE mouse model,
injection of OPN induced relapses, and OPN knock-
out mice were protected against CNS inflammation.
OPN transcripts are also upregulated in human MS
lesions,”® and increased OPN levels in plasma in
RRMS patients have been reported.”*®! OPN levels

Endothelial BM

Astrocytic BM
) N ‘ > {glia limitans)
‘ Astrocyte
s’ €
Brain parenchyma ¢
Figure 3 A model in which CCR2+CCR5+ cells  {possibly

CCR2+CCR5+CCR6— Th1 cells)y migrate from periphery to brain paren-
chyma, through subarachnoid space, triggering multiple sclerosis
relapse. CCR5+ T cells are enriched in the cerebrospinal fluid (CSF) and
play a role for immune surveillance of the central nervous system (CNS)
in a physiological situation. By repeated relapses, CCR5+ T cells trans-
form into CCR2+CCR5+ T cells; which is more sensitive to T cell receptor
stimulation with high inflammatory cytokine producing capacity and is
anti-apoptotic. This population was enriched in the CSF of relapsing—
remitting multiple sclerosis patients in relapse. With activation by puta-
tive myelin autoantigen, such as the myelin basic protein, CCR2+CCR5+
T cells express high MMP-9 and osteopontin (OPN) transcripts. MMP-9
presumably degrades parenchymal basement membrane of the blood—
brain barrier, and OPN augments CNS inflammation. Accordingly,
CCR2+CCR5+ T cells could serve as “advanced guards,” which trigger
CNS inflammation and multiple sclerosis relapse. BM, basement mem-
brane; IFN-vy, interferon-v; IL, interleukin.
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were elevated during MS relapse compared with
MS patients in remission. Furthermore, OPN levels
were elevated 1 month before the appearance of
new gadolinium-enhancing lesions. The inflamma-
tory effect of OPN is explained by binding to its
receptor o4f1 integrin on T cells to stimulate
expression of pro-inflammatory mediators, including
Thl and Th17 cytokines."*®*? OPN signaling pro-
motes the survival of autoreactive T cells by inhib-
iting apoptosis.®* As natalizamab is an inhibitor of
o4 integrin, this treatment blocks OPN signaling,
which might be an important mechanism for pre-
venting relapses.®* OPN is produced by macrophag-
es, microglia and astrocytes; however, we detected
a significantly higher expression of OPN transcripts
among activated CCR2+CCR5+ T cells in the
peripheral blood. Thus, these cells, enriched in the
CSF during MS relapse, might use the OPN path-
way to invade into the CNS.

Collectively, these studies have shown that
CCR2+CCR5+ T cells are equipped with MMP-9 and
OPN, which might support the invasion of activated
T cells into the CNS parenchyma. It has not yet been
determined if CCR2+CCR5+CCR6—, rather than
CCR2+CCR5+CCR6+ cells, have high expression of
MMP-9 or OPN. However, the enrichment of
CCR2+CCR5+CCR6— Thlcells in the CSF of MS
relapse  patients raises the possibility that
CCR2+CCR5+CCR6— Thl cells serve as an advanced
guard to trigger successive inflammatory responses
in the CNS (Fig. 3).

T cells with multiple chemokine receptors

As aforementioned, chemokine—chemokine recep-
tor interactions are complex and redundant.
Chemokines can form homodimers, heterodimers
and oligomers. Chemokine receptors might also
heterodimerize, adding another layer of complexity
to this system.®>#¢ CCR2 and CCR5 are phylogeneti-
cally akin to each other,?> and CCR2 can heterodi-
merize with CCR5 and CXCR4. A synergistic effect
of multiple chemokine~chemokine receptor signaling
pathways has been proposed.®” The threshold of
activation of the cells expressing CCR2/CCR5 hetero-
dimers was 10- to 100-fold lower than the threshold
for cells expressing either chemokine alone.®® Fur-
thermore, it has been shown that signaling pathways
activated after heterodimer receptor engagement
with cognate chemokines is different from that
observed after single receptor binding. In another
study, Zhang et al.®® investigated the function of
CCR2+CCR5+ T cells, and found a unique character
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of this population. They showed a high capacity to
respond to antigens, yielding high inflammatory
cytokine production, showed robust proliferation
and were resistant to apoptosis. A model was pro-
posed, wherein CCR5+CCR2— cells change into
CCR2+CCR5+ T cells after repeated stimulation. This
model could explain why CCR2+CCR5+ T cells are
increased in the CSF of MS patients during relapse.
According to this model, each time relapse of MS
occurs, autoreactive CCR5+ Th1 cells would be stim-
ulated again, and the more that CCR5+ Th1l cells are
stimulated, the more that CCR2+CCR5+ T cells are
expanded.

Although the chemokine system has been studied
extensively, and a significant knowledge base for
this system has emerged, strategies for blocking
chemokine receptors to treat autoimmune diseases
including MS have unfortunately proven ineffective
thus far. To target a single chemokine receptor might
be too simplistic of an approach to alter the func-
tions of the numerous chemokine pathways in vivo.
Developing drugs to block multiple chemokine
receptors could be a solution to overcome this prob-
lem. Development of a dual antagonist of CCR2/
CCR5 or CCR2/CCR5/CXCR4 heterooligomers is cur-
rently in progress.”® %

Conclusion

Significant progress has been made in identifying
pathogenic T cells in MS and in understanding their
close connection to T cell trafficking to the CNS.
Analyzing chemokine receptor expression in T cells
is critical for the understanding of MS relapse, given
that relapse is triggered by the invasion of
pathogenic T cells into the CNS. With advances in
flow cytometry, multiple chemokine receptor assays
using fewer cells is becoming possible. By comparing
the patterns of chemokine expressions on T cells in
the CSF and peripheral blood cells, a unique T cell
population that is potentially involved in MS pathol-
ogy was identified. The CCR2+CCR5+CCR6— T cell
population expressed the BBB-invading MMP-9 and
OPN proteins, features that are distinct from those
observed in CCR2—CCR5+ or other T cell popula-
tions. In this manner, single chemokine positive cells
could be heterogeneous, comprising different func-
tional subsets. In general terms, the analysis of T
lymphocytes from patients to characterize the
expression of multiple chemokine receptors might
show novel T cell subsets that can serve as biomar-
kers of a disease of interest and identify therapeutic
targets for the disease.

© 2014 Japanese Society for Neuroimmunology
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LC3, an autophagosome marker, is expressed on
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Abstract

Background: Nasu-Hakola disease (NHD) is a rare autosomal recessive disorder characterized by sclerosing
leukoencephalopathy and multifocal bone cysts, caused by a loss-of-function mutation of either DAP12 or TREM2.
TREM2 and DAP12 constitute a receptor/adaptor signaling complex expressed exclusively on osteoclasts, dendritic
cells, macrophages, and microglia. Neuropathologically, NHD exhibits profound loss of myelin and accumulation
of axonal spheroids, accompanied by intense gliosis accentuated in the white matter of the frontal and temporal
lobes. At present, the molecular mechanism responsible for development of leukoencephalopathy in NHD brains
remains totally unknown.

Methods: By immunohistochemistry, we studied the expression of microtubule-associated protein 1 light chain
3 (LC3), an autophagosome marker, in 5 NHD and 12 contral brains.

Results: In all NHD brains, Nogo-A-positive, CNPase-positive oligodendrocytes surviving in the non-demyelinated
white matter intensely expressed LC3. They also expressed ubiquitin, ubiquilin-1, and histone deacetylase 6 (HDAC6)
but did not express Beclin 1 or sequestosome 1 (p62). Substantial numbers of axonal spheroids were also labeled
with LC3 in NHD brains. In contrast, none of oligodendrocytes expressed LC3 in control brains. Furthermore,
surviving oligodendrocytes located at the demyelinated lesion edge of multiple sclerosis (MS) did not express LC3,

\.

whereas infiltrating [bal-positive macrophages and microglia intensely expressed LC3 in MS lesions.

Conclusions: These results propose a novel hypothesis that aberrant regulation of autophagy might induce
oligodendrogliopathy causative of leukoencephalopathy in NHD brains.

Keywords: Autophagy, LC3, Leukoencephalopathy, Nasu-Hakola disease, Oligodendrocytes

Background

Nasu-Hakola disease (NHD), also designated polycystic
lipomembranous osteodysplasia with sclerosing leukoen-
cephalopathy (PLOSL; OMIM 221770), is a rare auto-
somal recessive disorder, characterized by progressive
presenile dementia and formation of multifocal bone cysts
[1,2]. Although NHD patients are clustered in Japan and
Finland, approximately 200 NHD cases are presently
reported worldwide (http://www.orpha.net). Clinically, the
patients show pathological bone fractures during the third
decade of life, and a frontal lobe syndrome, such as loss of
judgment and social inhibitions during the fourth decade
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of life, followed by progressive dementia and death until
the fifth decade of life [3]. Pathologically, NHD brains
exhibit extensive demyelination with sparing of subcortical
U-fibers, accumulation of axonal spheroids, and intense
astrogliosis predominantly in the white matter of frontal
and temporal lobes and the basal ganglia [4]. Genetically,
NHD is caused by the set of heterogeneous mutations
located in one of the two genes, DNAX-activation
protein 12 (DAPI2), alternatively named TYRO protein
tyrosine kinase-binding protein (TYROBP) on chromo-
some 19q13.1 or triggering receptor expressed on myeloid
cells 2 (TREM?2) on chromosome 6p21.1 [5-7]. Previous
studies identified 7 different mutations in the TYROBP
gene and 11 distinct mutations in the TREM2 gene in
NHD patients. The presence of multiple bone cysts, basal
ganglia calcification, and genetic mutations of 7YROBP or
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TREM?2 in a pattern of autosomal recessive inheritance
could differentiate NHD from hereditary diffuse leukoen-
cephalopathy with spheroids (HDLS; OMIM 221820), a
rare autosomal dominant disorder presenting with clini-
copathological similarities to NHD, which is caused by
genetic mutations in the colony-stimulating factor 1
receptor (CSFI1R) gene [8].

TREM2, expressed exclusively on myeloid cells, such
as osteoclasts, dendritic cells, macrophages, and micro-
glia, acts as a receptor for as yet unidentified ligands.
TREM2 constitutes a signaling complex with an adaptor
molecule DAP12, leading to phosphorylation and activa-
tion of the downstream kinase named spleen tyrosine
kinase (Syk), following the receptor engagement [9].
Syk transduces a wide range of downstream signals
involved in activation of phosphatidylinositol-3 kinase
(PI3K), phospholipase C (PLC), protein kinase C (PKC),
and mitogen-activated protein kinase (MAPK) [10].

Increasing evidence indicated that a defect in micro-
glial TREM2/DAPI12 function plays a central role in the
pathogenesis of NHD [11]. However, at present, the
molecular mechanism responsible for development of
leukoencephalopathy in NHD brains remains totally
unknown. DAP12-knockout mice develop osteopetrosis,
thalamic hypomyelination, and synaptic degeneration [12],
being phenotypically different from osteolytic lesions
and sudanophilic leukoencephalopathy found in NHD
patients. Several studies showed that oligodendrocytes,
along with microglia, express DAP12 [12,13]. However,
follow-up studies could not verify oligodendroglial expres-
sion of DAP12 [14]. The synaptic function is also altered
in DAP12 loss-of-function (IKKA75) mice, attributable to
reduced expression of AMPA receptor GluR2 subunit and
neurotrophin receptor TrkB [15]. Furthermore, the total
number of microglia is greatly reduced in the brain of
DAP12-deficient and loss-of-function mice [16,17]. These
observations suggest that DAP12 signaling pathway plays
a key role in development of microglia and maturation
of synapses. Knockdown of TREM2 on cultured mouse
microglia inhibits phagocytosis of apoptotic neurons, and
stimulates production of proinflammatory cytokines, such
as TNFa and IL-1B, suggesting that TREM2 plays a key
role in the clearance of dying neural cells by microglia to
resolve damage-induced inflammation [18]. In contrast to
the suggested role of microglial TREM2 in the patho-
genesis of NHD, we recently found that TREM2 is not
expressed constitutively on human microglia, and Ibal-
positive microglia are well preserved in the brains of NHD
patients with DAP12 mutations [19].

Macroautophagy, hereafter called as autophagy, cons-
titutes a lysosome-mediated degradation process that
controls the quality of cytoplasmic components and
organelles [20,21]. The process of autophagy involves
the complex molecular machinery, composed of more
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than 30 autophagy-related (Atg) proteins and 50 lyso-
somal hydrolases. Autophagy is initiated by the for-
mation of double-membrane-bound vesicles named
autophagosomes that sequester cytoplasmic material
in a non-degenerative compartment, followed by fusion
with lysosomes, leading to degradation of the autophagic
contents. They provide recycling pools of nutrients and
membranes, being essential for maintenance of the cel-
lular homeostasis and renovation. When the cells are
exposed to protein-damaging insults, autophagy plays a
key role in eliminating protein aggregates and damaged
organelles, both of which are resistant to degradation by
the ubiquitin-proteasome system (UPS) [20,21]. Mice
defective in autophagy show severe neurodegeneration
accompanied by an accumulation of ubiquitinated protein
aggregates [22]. Furthermore, abnormal regulation of au-
tophagy plays a central role in the pathogenesis of human
neurodegenerative diseases, such as Alzheimer’s disease
(AD) and Parkinson’s disease (PD), accompanied by neur-
onal accumulation of insoluble protein aggregates [23].

Because TREM2 serves as a phagocytic receptor of
apoptotic neurons [18,24], and the efficient clearance of
dead cells requires microtubule-associated protein 1 light
chain 3A (LC3)-associated phagocytosis [25], we attemp-
ted to study the expression of LC3 in NHD brains by
immunohistochemistry. Unexpectedly, we found that LC3
expression is enhanced on oligodendrocytes in NHD
brains but not in control brains.

Methods

Human brain tissues

Formalin-fixed paraffin-embedded brain tissues of the
cerebral cortex, the hippocampus, and the basal ganglia
derived from NHD and non-NHD cases were obtained
from the Research Resource Network (RRN), Japan.
Written informed consent was taken in all the cases at
autopsy, following the regulation of the institutional
ethics committees. The present study includes five NHD
patients, composed of a 42-year-old man (NHD1), a
48-year-old woman (NHD2), a 44-year-old man (NHD3),
a 32-year-old woman (NHD4), and a 38-year-old man
(NHDS5), four neuropsychiatric disease controls affected
with myotonic dystrophy (MD), composed of a 68-year-
old man (MD1), a 61-year-old man (MD2), a 60-year-old
man (MD3), and a 53-year-old woman (MD4), four
demyelinating disease controls affected with chronic
progressive multiple sclerosis (MS), composed of a
29-year-old woman (MS1), a 40-year-old woman (MS2),
a 43-year-old woman (MS3), and a 33-year-old man
(MS4), and four subjects who died of non-neurological
causes (NC), composed of a 63-year-old man who died of
prostate cancer and acute myocardial infarction (NC1), a
67-year-old man who died of dissecting aortic aneurysm
(NC2), a 57-year-old man who died of alcoholic liver
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cirthosis (NC3), and a 61-year-old man who died of
rheumatoid arthritis with interstitial pneumonia (NC4).
The homozygous mutation of a single base deletion
of 141G (141delG) in exon 3 of DAP12 was identified
in NHD1, NHD2, and NHD5 [19,26], while the gen-
etic analysis was not performed in NHD3 [27] or
NHD4 [28].

Immunohistochemistry

After deparaffination, tissue sections were heated in
10 mM citrate sodium buffer, pH 6.0 or 9.0 by autoclave
at 110°C for 15 min in a temperature-controlled pres-
sure chamber (Biocare Medical, Concord, CA, USA).
They were treated at room temperature (RT) for 15 min
with 3% hydrogen peroxide-containing methanol to
block the endogenous peroxidase activity. They were
then incubated with phosphate-buffered saline (PBS) con-
taining 10% normal goat or rabbit serum at RT for 15 min
to block non-specific staining, followed by incubation in a
moist chamber at 4°C overnight with the primary anti-
bodies listed in Table 1. We selected Nogo-A as the
most reliable marker highly specific for oligodendro-
cytes in human brain tissue sections, as reported previ-
ously [29]. After washing with PBS, the tissue sections
were incubated at RT for 30 min with horseradish perox-
idase (HRP)-conjugated secondary antibodies (Nichirei,
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Tokyo, Japan), followed by incubation with diamino-
benzidine tetrahydrochloride (DAB) substrate (Vector,
Burlingame, CA, USA). They were processed for a
counterstain with hematoxylin. Negative controls under-
went all the steps except for exposure to primary
antibody.

Western blot analysis

To prepare total protein extract, the cells were ho-
mogenized in the mammalian protein extraction re-
agent (M-PER; Thermo Scientific, Rockford, IL, USA)
supplemented with a cocktail of protease inhibitors
(Sigma, St. Louis, MO, USA). The protein extract was
centrifuged at 12,000 rpm for 5 min at RT, separated
on a 15% SDS-PAGE gel, and transferred onto nitrocellu-
lose membranes. They were labeled at RT overnight with
rabbit anti-LC3 antibody (PMO036; MBL International,
Woburn, MA, USA) that react with MAP1LC3A/B/C or
goat anti-heat shock protein HSP60 antibody (sc-1052,
N-20; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) to standardize protein loading. Then, the mem-
branes were incubated at RT for 60 min with HRP-
conjugated anti-rabbit or anti-goat IgG (Santa Cruz
Biotechnology). The specific reaction was visualized by
exposing the membranes to a chemiluminescent substrate
(Thermo Scientific).

Table 1 Primary antibodies utilized for immunohistochemistry in the present

Antibody Supplier Code (ID) Origin Antigen Concentration
LC3 MBL PMO36 rabbit recombinant human LC3B spanning amino diluted at 1: 5000
acid residues 1-120 aa
BECN1 AnaSpec 54229 rabbit  a peptide mapping near the N-terminus of human Beclin-1 0.2 pg/ml
NBR1 ProteinTech 16004-1-AP rabbit recombinant human NBR1-6xHis fusion protein 0.26 pg/ml
HDAC6 Santa Cruz Biotechnology sc-11420 rabbit a peptide spanning amino acid residues 916-1215 0.8 pg/ml
of human HDAC6
p62/SQSTMI1 BD Bioscience 610832 mouse a peptide spanning amino acid residues 257-437 1 pg/mi
of human pé2
Ubiquitin Dako 70458 rabbit ubiquitin isolated from bovine erythrocytes 0.25 pg/ml
UBQLN1 Santa Cruz Biotechnology sc-14652 goat a peptide mapping within an internal region of 1 pg/ml
human ubiquilin-1
Nogo-A Santa Cruz Biotechnology H-300 rabbit a peptide mapping amino acids 700-1000 0.1 pg/ml
of human Nogo-A
MBP Dako N1564 rabbit MBP purified from human brain prediluted
CNPase Sigma 11-5B mouse purified human CNPase ascites fluid 1:500
Ibal Wako 019-19741 rabbit a synthetic peptide corresponding to the 0.5 pg/ml
C-terminus of Ibal
GFAP Dako N1506 rabbit GFAP purified from bovine spinal cord prediluted
NF Nichirei 412551 2 F11)  mouse NF purified from human brain prediluted
Cleaved CASP3  Cell Signaling Technology #9661 (Asp175)  rabbit a peptide mapping amino-terminal residues adjacent 1:100

to Asp175 of human caspase-3

Abbreviations: LC3, microtubule-associated protein 1 light chain 3; BECN1, Beclin 1; NBR1, neighbor of BRCA1 gene 1; HDACS, histone deacetylase 6; SQSTM1,
sequestosome 1; UBQLN1, ubiquilin-1; MBP, myelin basic protein; CNPase, 2,3"-cyclic nucleotide 3' phosphodiesterase; GFAP, glial fibrillary acidic protein; NF,

neurofilament protein; and CASP3, caspase-3.



