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Abstract

Chemokines and their receptors play a critical role in orchestrating the immune response during
experimental autoimmune encephalomyelitis (EAE). Expression of CCR4 and its ligand CCL22
has been observed in ongoing disease. Here we describe a role for CCR4 in EAE, illustrating
delayed and decreased disease incidence in CCR4~/~ mice corresponding with diminished CNS
infiltrate. Peripheral T cell responses were unaltered in CCR4™~ mice; rather, disease reduction
was related to reduced CD11b*Ly6CM inflammatory macrophage (iM¢) numbers and function.
These results provide evidence that CCR4 regulates EAE development and further supports the
involvement of CCR4 in iM¢ effector function.
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1. Introduction

Experimental autoimmune encephalomyelitis (EAE) is a T helper cell mediated autoimmune
disease of the central nervous system (CNS) that shares many disease characteristics with
multiple sclerosis (MS) (Hickey, 1999). The disease manifests itself clinically as ascending
hind limb paralysis, induced by immunization with myelin antigen emulsified in complete
Freund’s adjuvant (CFA) or encephalitogenic CD4* T cell transfer (Baron et al., 1993;
Bettelli et al., 2003; Whitham et al., 1991). This results in infiltration of mononuclear cells,
including but not limited to; CD4™" T cells, CD8* T cells, macrophages (M¢) and dendritic
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cells (DC) into the spinal cord resulting in inflammation and demyelination (Abdul-Majid et
al., 2003; Bailey et al., 2007; Brosnan et al., 1981; Hickey et al., 1983; Jensen et al., 1992).

Chemokines are small molecular weight chemoattractants that are produced under steady
state and pathological conditions to maintain or influence cell recruitment to specific tissues
(Forster et al., 2008; Huang et al., 2001; Karpus et al., 1995). Chemokines can function in
differentiation and maturation of leukocytes, in addition to their well described role in cell
trafficking and accumulation (Karpus et al., 1997; Marsland et al., 2005). Various
chemokines and their cognate receptors are expressed during EAE, and have been shown to
be important for disease progression (Carlson et al., 2008; Dogan et al., 2011; Elhofy et al.,
2009; Fife et al., 2000; Fife et al., 2001; Huang et al., 2001; Karpus and Kennedy, 1997;
Rottman et al., 2000). CCR4 and CCL22 transcripts are known to be expressed in the CNS
of mice during EAE (Columba-Cabezas et al., 2002). Recently, we demonstrated inhibition
of CCL22 ameliorated EAE in SJL mice by reducing the CNS accumulation of the
inflammatory macrophage (iM¢) population and/or reducing the inflammatory function of
that cellular population (Dogan et al., 2011).

In the present study, we sought to distinguish between these two possibilities by utilizing
CCR4~'~ mice to determine whether CCR4 regulates iM¢ tissue accumulation or
inflammatory function. Macrophages are critical for the development of EAE, as evidenced
by depletion studies which resulted in greatly diminished disease (Huitinga et al., 1993).
Additionally, our lab and others have demonstrated ameliorated disease in CCR2~/~ and
ccL2’- mice due to defective macrophage migration (Fife et al., 2000; Huang et al., 2001).
The Ly6CNi subset of macrophages are considered inflammatory and are pathogenic during
EAE (King et al., 2009), thus inhibition of this specific population of macrophages may
provide a more strategic targeting for disease inhibition. Here we report that CCR4-deficient
mice display a delay in clinical onset, while maintaining normal peripheral T cell responses.
These data support a role for CCR4 in regulating iM¢ effector function during EAE.

2. Materials and Methods

Mice

Female C57BL/6 (H-2P) mice were purchased from Harlan Sprague Dawley (Indianapolis,
IN). CCR4~/~ (H-2P) homozygous knockout mice were previously described (Chvatchko et
al., 2000) and were a gift from Dr. Amanda Proudfoot. All mice were maintained in the
Center for Comparative Medicine at Northwestern University. Mice were 6-8 weeks old at
the initiation of experiments and were maintained on standard laboratory chow and water.
Animal care was in accordance with Northwestern University Animal Care and Use
committee and Public Health Service policies.

Antigen and antibodies

MOG 35-55 (MEVGWYRSPFSRVVHLYRNGK) (Slavin et al., 1998) was purchased from
Peptides International (Louisville, KY). Amino acid composition was verified by mass
spectrometry, and purity was determined to be >98%. Fluorochrome-conjugated monoclonal
antibodies to murine CD45 (Ly-5), CD4 (RM4-5), CD11b (M1/70), Ly6C (AL-21), IL-17A
(TC11-18H10), TNF (MP6-XT22), and I1L-4 (BVD4-1D11) were purchased from BD
PharMingen (San Diego, CA). Fluorochrome-conjugated monoclonal antibody to murine
CCR4 (2G12) was purchased from BioLegend (San Diego, CA), and the isotype control
antibody fluorochrome-conjugated antibody to hamster IgG was purchased from Caltag
Laboratories (Burlingame, CA). Fluorochrome-conjugated monoclonal antibodies to murine
IFNy (XMGL1.2) and Foxp3 (FIJK-16s) were purchased from eBioscience (San Diego, CA).
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Mice were anesthetized, perfused intracardially with ice-cold PBS and spinal cords
harvested. Spinal cords were embedded in optimal cutting temperature compound (OCT)
and 8-10 pum sections were cut on a cryostat. Frozen sections were stained using standard
H&E methodology as previously described (Karpus et al., 1995).

Disease induction and clinical evaluation

ELISA

For active EAE, mice were immunized with 100 pg of MOG 35.55 emulsified in CFA
containing 4 mg/ml Mycobacterium tuberculosis (Difco, Kansas City, MO) subcutaneously.
Mice were given 200 ng of pertussis toxin (List Biological Laboratories) intraperitoneally on
days 0 and 2 post immunization. Animals were graded daily according to clinical severity
using the following scale: grade 0, no abnormality; grade 1, limp tail; grade 2, limp tail and
hind limb weakness; grade 3, partial hind limb paralysis; grade 4, complete hind limb
paralysis; grade 5, death (Miller et al., 2010).

CCL22 expression was quantified from spleen, draining lymph nodes (DLN), and spinal
cord samples homogenized in PBS containing 0.05% Tween-20 (Sigma-Aldrich) and
clarified by centrifugation at 400 x g for 10 minutes. Levels of CCL22 from homogenates
were quantified by ELISA. Briefly, flat bottom 96 well plates (Nunc, Rochester, NY) were
coated with 200 ng/well monoclonal rat anti-mouse CCL22 (R&D Systems, Minneapolis,
MN) in PBS overnight at 4 °C. Nonspecific binding sites were blocked with 2% BSA in
PBS for 1 h at 37 °C. Dilutions of tissue homogenate were added in triplicate for 4 h at
37°C, plates were washed and 5 ng/well biotinylated goat-anti mouse CCL22 (R&D
Systems) was added for 1 h at 37 °C. Plates were developed using streptavidin-peroxidase at
a 1:5000 dilution (Zymed, San Francisco, CA) for 30 minutes at 37 °C, followed by TMB
substrate-chromogen (Dako, Denmark) and the reaction was stopped using sulfuric acid. The
absorbance was read on a plate reader at 450 nm and CCL22 levels were quantified based on
a standard curve expressed as pg/ml.

Flow Cytometry

Spinal cords were isolated from the CNS of mice anesthetized and perfused intracardially
with ice cold PBS. Mononuclear cells were isolated as previously described (Pope et al.,
1996). Briefly, tissues were dissociated in Hank’s Balanced Salt Solution (HBSS) by
passage through a metal screen (100 mesh) and centrifuged at 1200 rpm for 10 minutes at 4
°C. The pellet was resuspended in a 30% isotonic Percoll gradient (Pharmacia Biotech, NJ)
and centrifuged at 1200 rpm for 10 minutes at room temperature. Spleens and DLN were
also subjected to mechanical disruption through metal screens, centrifuged and resuspended
in Dulbecco’s Modified Eagle Medium (DMEM). Red blood cells (RBC) from spleen
samples were lysed with Tris-NH4ClI (pH 7.3) and resuspended in DMEM. Cells were
collected and washed followed by incubation with specific antibodies to extracellular
antigens. For intracellular flow cytometry cells were treated in culture medium with 50 ng/
ml phorbol myristate acetate (PMA) and 500 ng/ml ionomycin (Sigma-Aldrich) for 5 h, and
1 ul of 1000x monensin (Ebioscience) was added 2 h into stimulation. Cells were stained for
extracellular antigens and then fixed with 2% paraformaldehyde for 10 minutes at room
temperature. Cells were permeabilized in 0.5% saponin solution and then stained
intracellularly for cytokines and transcription factors. Data was collected on a FACSCanto
flow cytometer (BD Biosciences) in the Interdepartmental Immunobiology Center Flow
Cytometry facility at Northwestern University and was analyzed offline using FCS Express
software (DeNovo Software, Thornhill, Ontario, Canada).
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Statistical analysis

3. Results

Clinical disease differences, sample mean, standard deviation and statistical significance
were calculated using Prism 5.0 (Graphpad). Statistical significance between sample means
was analyzed using the Student’s t test and differences in disease incidence were analyzed
using 2. P values <0.05 were considered significant.

CCR4 and its ligand, CCL22, are elevated in the periphery and CNS during EAE

Previous reports have described an increase in CCR4 and CCL22 transcripts during EAE in
the CNS of C57BL/6 mice (Columba-Cabezas et al., 2002). Although there are two known
CCRA4 ligands, CCL17 (TARC) (Imai et al., 1996) and CCL22 (MDC) (Andrew et al.,
1998), only CCL22 has been shown to be highly expressed and play a functional role during
disease (Columba-Cabezas et al., 2002; Dogan et al., 2011). We set out to evaluate
expression of this receptor/ligand pair before and after disease induction in both the
periphery and CNS of wild type (WT) mice. Tissue homogenates were harvested at key
points in disease and analyzed for CCL22 by ELISA. Protein levels were found to be
significantly increased over unimmunized controls at onset of clinical disease in each tissue
tested, and at peak of disease in the spleen and CNS (Fig. 1A). We also evaluated CCR4
expression on leukocytes from DLN, spleens, and spinal cords after disease induction. Flow
cytometric analysis comparing unimmunized and immunized animals illustrate a marked
increase in CCR4 expression on leukocytes in both the periphery and CNS post
immunization (Fig. 1B). These data confirm CCR4 and its corresponding ligand CCL22 are
expressed in the target organ during EAE in C57BL/6 mice, suggesting a role in disease
development.

Delayed disease onset in the absence of CCR4

We confirmed leukocyte expression of CCR4 in key tissues following disease induction
(Fig. 1B), next we investigated whether this receptor plays a functional role in the
development of disease. To test this we examined EAE in the absence of CCR4, immunizing
WT C57BL/6 and CCR4™/~ mice with MOGgs.s5 in CFA and monitoring clinical disease
development. The results illustrated in Fig. 2A indicate CCR4~/~ mice develop significantly
delayed disease as compared to WT controls. This delay in onset was associated with a
decrease in disease incidence at early time points (Fig. 2B), as well as a decrease in mean
cumulative score (Fig. 2C). Table 1 summarizes clinical disease courses from three
individual experiments. The clinical disease pattern is similar in each experiment,
illustrating a significant delay in the mean day of onset and mean day of peak disease
observed in the CCR4~/~ group. In addition, there was a significant reduction in disease
incidence in CCR4™~/~ mice, when calculated from the number of mice that developed EAE
in all three experiments.

In order to investigate the effect CCR4-defiency had on CNS inflammation, spinal cords
from a similar experiment were harvested from WT and CCR4~/~ mice at onset and peak
clinical disease, as determined by WT disease development. Tissues were sectioned and
examined for inflammatory infiltrate by H&E stain. The results, shown in Fig. 2D, represent
spinal cord sections from WT and CCR4~/~ mice and illustrate less mononuclear cell
infiltration (arrows) in knockout mice. Quantification of the mean number of inflammatory
lesions per section reveals significantly fewer loci at onset and peak of disease in CCR4-
deficient spinal cords (Fig. 2E). Thus the delay in clinical disease displayed by CCR4~/~
mice is associated with a reduction in inflammatory lesion number.
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We assessed the leukocyte composition of the CNS infiltrate using flow cytometric analysis.
Representative flow dot plots illustrating CNS mononuclear cells indicate a decrease in the
percentage of lymphocytes (CD45MNCD11b™) at onset, and a decrease in the percentage of
infiltrating monocytes (CD45"CD11b*) at both onset and peak clinical disease in CCR4~/~
mice (Fig. 3A). Quantification of CNS-infiltrating lymphocytes and monocytes revealed
significantly decreased numbers of cells at both onset (Fig. 3B) and peak (Fig. 3C) clinical
disease, while the mean number of microglia remained equivalent. These data support a role
for CCR4 in the regulation of EAE.

Peripheral T cell response to antigen is unaltered in CCR4~/~ mice

In order to determine the mechanism by which CCR4-deficiency delays disease, we
examined mice at the time point at which the discrepancy between clinical scores was
maximal. To address whether CCR4 deficiency affected the peripheral T cell response, DLN
and spleens were evaluated for Th1l and Th17 populations at the onset of WT disease.
Intracellular flow cytometric analysis illustrates similar percentages of CD4* IFNy- and
IL-17-producing cells in the WT and CCR4~/~ periphery (Fig. 4A). Likewise, calculation of
the mean percentage of peripheral Th1l and Th17 cells reveal no statistical differences
between groups (Fig. 4B). These results indicate CCR4 is not involved in regulating a Thl
or Th17 response to myelin antigen.

We also explored the possibility that the absence of CCR4 resulted in defective Treg and/or
Th2 cell trafficking during EAE. Treg and Th2 populations preferentially express CCR4
(Imai et al., 1999; Lee et al., 2005), hence CCR4-deficiency had the potential to affect
trafficking of these cells to tissue-specific sites where immune responses could be down-
regulated. Representative flow dot plots gated on CD4* cells illustrate similar Foxp3
percentages in the periphery of WT and CCR4~/~ mice during early disease development
(Fig. 5A). Similarly, quantification of the mean percentage (Fig. 5B) and mean cell number
(Fig. 5C) of Foxp3™ cells reveal no significant differences in the spleen or DLN. There was
a significant increase in the percentage of Foxp3* cells in the CNS of CCR4~/~ animals;
however, the absolute cell number was decreased (Fig. 5A/B). Diminished numbers of
Foxp3™ cells in the target organ would not explain the lag in disease observed in CCR4~/~
mice, as Tregs are known to ameliorate EAE (Yu et al., 2005).

Additionally, we examined Th2 populations following immunization of CCR4~/~ and WT
mice. Th2 cells were identified as CD4* IL-4-producing cells, as assessed by intracellular
flow cytometric analysis. The mean percentage (Fig. 5D) and mean number (Fig. 5E) of Th2
cells from each group was calculated, and reveal no statistical difference in any of the
tissues examined. These results provide no evidence that the absence of CCR4 affects Treg
or Th2 cell accumulation during acute EAE.

Diminished iM@ population in CCR4~/~ mice

We did not detect a difference in Th1 or Th17 populations in the periphery of CCR4™/~ mice
post priming (Fig. 4); however, the possibility remained that these cells require CCR4 to
traffic to the CNS. Therefore, we evaluated the expression of CCR4 on Th1l and Th17
effector cells in the periphery during active disease via intracellular flow cytometric
analysis. Representative flow dot plots reveal neither effector T cell population that
expresses IFN-y or IL-17 express CCR4 post immunization (Fig. 6A). These results indicate
that CCR4 is unlikely to be involved in Thl or Th17 trafficking to the CNS during EAE.

While CCR4 is often associated with Th2 and Treg populations (Imai et al., 1999; Lee et al.,
2005), a variety of cell types express this receptor (Abi-Younes et al., 2001; Meyer et al.,
2007; Stolberg et al., 2011). Importantly, there is a growing body of literature describing a
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role for CCR4 in iM¢ function (Dogan et al., 2011; Ness et al., 2006b; Trujillo et al., 2008;
Yogo et al., 2009). We explored the possibility that the iM¢ population generated post-
immunization in EAE express CCR4. This population of iM¢ has previously been shown to
be pathogenic in EAE and is characterized by their expression of CD11b*Ly6Chi (King et
al., 2009). The data presented in Figure 6B indicates that the majority of CD11b*Ly6CNi
cells found in the periphery at the onset of disease express CCR4. These results support a
possible role of CCR4 in regulating iM¢ function during EAE. Since CCR4~/~ mice display
a lag in disease development, we hypothesized that CCR4 may be important iM¢ trafficking
and/or effector function during EAE.

In order to determine a possible role for CCR4 in iM¢ migration, we evaluated the
percentage of CD11b*Ly6CN cells in the periphery post antigen priming in WT and
CCR47/~ mice. Flow cytometric analysis of peripheral lymphoid organs illustrates the
proportion of CD11b* cells expressing Ly6Ch were greatly diminished in the periphery of
CCR4~/~ animals. This data illustrates CCR4~/~ mice have a decreased iM¢ population in
the periphery early in disease, when clinical disease severity most differs from WT controls.

M1 macrophages are characterized by the genes they express; including, iNOS, IL-12, and
TNF (Gordon and Taylor, 2005) and thus are considered iM¢. We assessed TNF expression
by CD11b*Ly6C" iM¢ using intracellular flow cytometric analysis to establish whether
these were indeed inflammatory in nature and whether the absence of CCR4 affected that
inflammatory nature. The results presented in Figure 7B demonstrate that in addition to a
diminished CD11b*Ly6CM cell population in CCR4~/~ mice, there was a decrease in the
percentage of those cells that produce TNF. Diminished TNF expression was evident in both
the spleen and CNS at this early time point. Further analysis of CD11b*Ly6CNTNF* cells at
disease onset showed a significant decrease in the mean percentage of cells in the spleen and
spinal cord of CCR4~/~ mice (Fig. 7C). Even more profound was the decreased mean
CD11b*Ly6CNTNF* cell number in spleens, DLN and spinal cords of CCR4-deficient mice
(Fig. 7D). Taken together these data strongly suggest a role for CCR4 in iM¢ function
during EAE pathogenesis.

4. Discussion

Chemokine and chemokine receptors are key players in orchestrating an immune response
and are important for the development of many autoimmune diseases (Engelhardt, 2008;
McDonald, 2009). The present investigation focuses on the contribution of CCR4 to the
development of EAE and expands upon the body of literature describing a role for CCR4 in
macrophage regulation (Chvatchko et al., 2000; Dogan et al., 2011; Garcia et al., 2003; Ishii
et al., 2008; Trujillo et al., 2008; Yogo et al., 2009). It has been proposed that CCL22 and
CCR4 may play a role in EAE as affected mice express both receptor and ligand in the CNS
correlating with disease development (Columba-Cabezas et al., 2002) and neutralization of
CCL22 inhibited EAE development (Dogan et al., 2011). We confirmed CCR4 and its
ligand CCL22 are present in the periphery and CNS of C57BL/6 mice post disease induction
(Fig. 1). To determine the mechanism of CCR4 regulation of EAE we compared the clinical
disease course of WT and CCR4~/~ mice. CCR4-deficiency resulted in significantly delayed
clinical disease (Fig. 2) with a significant decrease in CNS-infiltrating mononuclear cells

(Fig. 3).

One possible explanation for the delay in disease observed in CCR4~~ mice is that CCR4 is
involved in the generation or trafficking of pathogenic T lymphocytes to the CNS. It has
previously been reported that CCL3 (Karpus and Kennedy, 1997; Karpus et al., 1997) and
CCL2 (Gu et al., 2000) play a role in Thl and Th2 development, respectively. We
investigated the possibility that CCR4 was involved in T cell polarization by determining the
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peripheral T cell response that resulted post disease induction. Specifically, we looked at
Th1 (Kuchroo et al., 1993) and Th17 (Bettelli et al., 2008; Dardalhon et al., 2008)
populations, as they are thought to mediate EAE progression (Abromson-Leeman et al.,
2007). We did not detect a difference in the percentage of Th1 or Th17 cells in DLN or
spleens of CCR4~/~ mice as compared to WT mice (Fig. 4), thus arguing against the idea
that CCR4 regulated Th polarization during disease development. Additionally, we explored
the possibility that CCR4 is necessary for Thl or Th17 trafficking to the CNS, by assessing
CCRA4 expression on Thl and Th17 cells prior to migration. Flow cytometric evaluation
illustrated a lack of CCR4 expression on IFNy- and IL-17-producing CD4 cells (Fig. 6A).
These results show that it is highly unlikely CCR4 is involved in trafficking of pathogenic
lymphocytes to the CNS during EAE. Therefore, we conclude that CCR4 is not required for
development of antigen-specific Thl or Th17 responses and it is not involved in the
chemoattraction of these cells to the CNS.

CCR4 has been associated with Th2 and Treg populations (Lee et al., 2005; Vestergaard et
al., 2000; Yang et al., 2006), therefore, the second possibility to explain reduced EAE in
CCR47~ mice is that CCR4™/~ mice have a defect in the ability of Th2 or Treg to traffic or
accumulate thus altering the intrinsic regulation of the disease process. This is an unlikely
mechanism for the delayed clinical disease displayed by CCR4~/~ mice as lack of CNS Treg
accumulation would likely lead to increased clinical severity (Stephens et al., 2005).
Nevertheless, it is possible a defect in trafficking of Treg to the CNS in response to CCL22
expressed during the disease process (Columba-Cabezas et al., 2002; Dogan et al., 2011)
could result in accumulation in the periphery and suppression of the peripheral immune
response thereby affecting the development of EAE. When we investigated whether Treg or
Th2 cell numbers were altered in CCR4~/~ immunized to develop EAE we found no
significant differences in the number of either T cell subset in the periphery of WT and
knockout mice (Fig. 5). Together, these data demonstrate that CCR4 does not regulate EAE
by affecting the accumulation of Th2 or Treg cells.

Macrophages are a major constituent of the inflammatory infiltrate in the CNS and have
proven critical to the development of EAE (Brosnan et al., 1981; Huitinga et al., 1995).
Ly6CN is a marker for inflammatory macrophages (Hatakeyama et al., 1994) which are
considered pathogenic during disease (King et al., 2009). Therefore, the third major
possibility for CCR4 regulation of EAE was whether the receptor affected CNS macrophage
accumulation and/or effector function. Indeed, we found a large portion of the
CD11b*Ly6Chi population post immunization express CCR4 (Fig. 6B). If CCR4 affected
EAE by the regulation of CNS iM¢ accumulation, then we would have expected similar
numbers of iM¢ in the periphery (DLN and spleen) of WT and CCR4~/~ mice but decreased
numbers in the CNS of CCR4™/~ mice compared to controls. We found fewer iM¢
(CD11b*Ly6CM) numbers in DLN and spleens of CCR4~/~ mice after EAE induction
compared to WT controls (Fig. 7A). Therefore, there is no strong evidence that CCR4 is
regulating EAE through CNS iM¢ accumulation despite the original reports indicating that
CCR4~'~ mice have a defect in M¢ migration (Chvatchko et al., 2000) and anti-CCL22
inhibited M¢ migration in a cecal ligation and puncture model of bacterial immunity
(Matsukawa et al., 2000).

In addition to its role in chemoattraction, CCR4 appears to be important for iM¢ effector
function (Dogan et al., 2011; Ness et al., 2006b). Specifically, it has been hypothesized that
CCR4 signaling plays a role in promoting the M1 inflammatory phenotype (Trujillo et al.,
2008) including TNF production in association with TLR stimulation (Ishii et al., 2008).
Moreover, Jakubzick et al. (Jakubzick et al., 2004) demonstrated that neutralization of
CCR4 ligands in a murine model of schistosomiasis resulted in a M¢ cytokine phenotype
resembling M2 (Mantovani et al., 2004). In support of the idea that CCR4 regulates EAE
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through modulation of effector function in our present report, we noted there were
significantly fewer TNF-producing Ly6CM iM¢ in both the periphery and CNS of knockout
animals (Fig. 7D). In the present report we used TNF as a marker for an inflammatory
macrophage phenotype. These results confirm the findings that in vivo anti-CCL22
neutralization, and therefore lack of CCR4 signaling, resulted in decreased expression of
TNF by iM¢ (Dogan et al., 2011). In addition, we have previously demonstrated that when
CCR4 signaling is affected by neutralizing CCL22 in vivo, the Ly6C" macrophage
population made more IL-10 (Dogan et al., 2011). It is known that administration of IL-10,
deletion of 1L10 or administration of cells producing IL-10 affects the development of EAE
(Bettelli et al., 1998; Rott et al., 1994; Segal et al., 1998; Zhang et al., 2004). Therefore it is
plausible that in the present experiments, a shift from inflammatory to anti-inflammatory
cytokines resulted in delayed disease development seen in the CCR4~/~ mice (Fig. 1). We
favor the mechanism that ligand-dependent stimulation of CCR4 up-regulates iM¢ effector
function and promotes an M1 phenotype which is critical for the induction of EAE as
opposed an M2 phenotype which has the potential to dampen development of clinical
disease. Support for the idea that a shift in the balance between M1 and M2 macrophage
phenotypes can regulate EAE derives from a previous study where macrophages activated
by stimuli resulting in an M2 phenotype could confer protection from development of severe
EAE (Tierney et al., 2009). Furthermore, adoptive transfer of M2 monocytes has been
shown to reverse ongoing EAE (Weber et al., 2007). Finally, tt has been recently
demonstrated that the balance of circulating M1 and M2 M¢ predicted the severity of EAE
development and administration of M2-macrophages to animals with EAE resulted in
amelioration of clinical disease (Mikita et al., 2011).

King and colleagues (King et al., 2009) have demonstrated that CD11b* Ly6CN monocytes
are precursors of both CNS macrophages and dendritic cells (DC) and have the propensity to
home to sites of active inflammation. Furthermore, this phenotype has been shown to give
rise to the DC population that traffic to sites of Listeria infection and is involved in bacterial
clearance via their inflammatory effector function (Serbina et al., 2003). These examples
raise the question of whether CCR4 signaling in LyC6" iM¢ promotes differentiation to DC
or regulation of DC to affect either their inflammatory or anti-inflammatory functions.
Possibilities of CCR4 regulation of M¢ and DC function include modulation of
inflammatory/anti-inflammatory cytokine gene expression patterns (Ishii et al., 2008; Ness
et al., 2006a; Trujillo et al., 2008) and cell surface molecules such as PD1/PDL1 which is
known to play a role in the pathogenesis of EAE (Carter et al., 2007; Liang et al., 2003;
Schreiner et al., 2008; Zhu et al., 2006).

This report is the first to demonstrate a role for CCR4 in EAE, and expands on a growing
body of literature suggesting CCR4 modulates macrophage function (Dogan et al., 2011,
Ishii et al., 2008; Jakubzick et al., 2004; Ness et al., 2006b; Trujillo et al., 2008). This could
have implications for MS, as CCL22 cerebrospinal fluid levels are elevated in female MS
patients, suggesting a possible role for the ligand in disease progression (Galimberti et al.,
2008a). Additionally, a single nucleotide polymorphism (SNP) in the promoter and coding
sequence of CCL22 appears to confer a decreased risk of developing MS (Galimberti et al.,
2008b). Human inflammatory monocytes are known to express CCR4 (Geissmann et al.,
2003) and are a key player in MS pathogenesis (Bruck et al., 1995), thus inhibiting this
population has the potential to ameliorate ongoing disease. CCR4 antagonists have already
been shown to inhibit macrophage migration in a peritonitis disease model (Burdi et al.,
2007), and we are currently exploring these compounds as therapeutic modalities for
ongoing autoimmune disease.
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Figure 1. CCR4 and CCL22 expression correlates with EAE development

C57BL/6 mice were immunized with MOGg5.55 emulsified in CFA and killed at the
indicated stage(s) of disease. Unimmunized mice served as a baseline control. (A) CCL22
from spleen, DLN, and spinal cord homogenates were measured by ELISA. Protein
expression was significantly increased over baseline in all tissues analyzed. The data are
expressed as mean pg/mg of tissue (£SD) from individual mice. (B) CCR4 expression by
leukocytes pre- and post-immunization was evaluated at peak of disease in spleens, DLN,
and spinal cords by flow cytometric analysis, displayed as histograms from a combined
forward versus side-scatter and CD45* gate. The data is representative of two experiments,
n=3 mice/group. *, p<0.05.
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Figure 2. Disease is delayed in CCR4™~ mice

WT and CCR4~/~ mice were immunized with MOGg3s.55 emulsified in CFA and monitored
for clinical disease development. (A) CCR4~/~ mice showed a significant decrease in
clinical disease as compared to WT mice at early time points (days 9-17). The data is
expressed as daily mean clinical disease score post immunization. N=10 mice per group. (B)
Disease incidence was significantly diminished in CCR4~/~ mice early in disease. (C) Mean
cumulative disease score (£SD) was calculated for each group and determined to be
significantly reduced in CCR4~/~ mice. (D) Knockout mice showed reduced histological
disease as determined by microscopic analysis of H&E stained spinal cord sections at onset
and peak of clinical disease. Representative photomicrographs (original magnification,
100x) of spinal cord sections from WT and CCR4~/~ mice at onset of clinical disease.
Arrows indicate mononuclear cell infiltrate. (E) Quantitative analysis of histological disease
was performed by calculating the mean number (xSD) of inflammatory foci per section at
onset and peak of disease. These results are representative of three separate experiments. *,
p<0.05.
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Figure 3. Mononuclear cell accumulation is decreased in CCR4™~ mice

WT and CCR4~/~ were killed at onset and peak of WT clinical disease. Spinal cords were
harvested and subjected to flow cytometric analysis. (A) Representative flow dot plots of
CNS-infiltrating mononuclear cells from WT and CCR4~/~ mice. Relative proportions of
lymphocytes (CD45MCD11b~), infiltrating monocytes (CD45MCD11b*) and microglia
(CD45!°CD11b*) at onset and peak clinical disease are displayed. Dot plots are derived from
a combined forward versus side-scatter and CD45* gate. (B) Quantitative analysis of mice
from each group indicate a significant decrease in macrophage and lymphocyte numbers in
the CNS of CCR4~/~ as compared to WT control mice at onset (C) and peak clinical

disease. The data is based on two independent flow cytometric analyses, n=3. *, p<0.05.
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Figure 4. CCR4 deficiency does not affect the peripheral T helper cell response

Immunized WT and CCR4~~ mice were killed at onset based on WT clinical disease.
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Peripheral Th1 and Th17 responses were evaluated by intracellular flow cytometric analysis.
(A) Representative flow dot plots displaying IFNy- and IL-17-producing cells in peripheral
lymphoid organs of WT and CCR4~/~ mice. The dot plots are derived from a combined
forward versus side-scatter and CD45*CD4* gate. (B) The mean percentage of CD4* IFNy-
and IL-17-producing cells (xSD) was calculated, and indicates no statistical difference in
Th1 or Th17 percentages between groups. Data representative of two separate experiments,

n=3.
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Figure 5. Treg and Th2 numbers remain unaltered in CCR4™~ mice

Immunized WT and CCR4~/~ mice were killed at the onset of WT clinical disease. Treg and
Th2 numbers were assessed by intracellular flow cytometric analysis. (A) Representative
flow dot plots of Foxp3 expression in the periphery and spinal cord of WT and CCR4~/~
animals. The data is derived from a combined forward versus side-scatter and CD45*CD4*
gate. (B) Mean percentage (+SD) of CD4" cells expressing Foxp3 and (C) quantification of
the mean number (xSD) of CD4*Foxp3* cells in the periphery and spinal cord of each
group. (D) Mean percentage (+SD) of CD4™ cells expressing IL-4 and (E) quantification of
the mean number (xSD) of CD4*IL-4" cells in the periphery and spinal cord of each group.
The data is representative of two experiments, n=3 mice/group. *, p<0.05.
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Figure 6. CCR4 is expressed by iM¢ post immunization

WT mice were immunized and killed at peak clinical disease. CCR4 expression on
pathogenic cell populations was evaluated by flow cytometric analysis. (A) Representative
flow dot plots of WT spleens and DLN displaying IFNy and IL-17 versus CCR4. The data is
derived from a combined forward versus side-scatter and CD45*CD4™ gate. (B)
Representative flow dot plots from unimmunized and immunized WT mice, illustrate CCR4
expression by CD11b*Ly6CM cells in the spleen and DLN. The data is derived from a
CD45*CD11b*Ly6CN gate. The data is representative of two experiments, n=3 mice/group.
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Figure 7. Diminished iM¢ population in CCR4™~ mice

WT and CCR4~/~ mice were immunized with MOGg3s.55 emulsified in CFA and monitored
for clinical disease. Mice were killed at onset corresponding to WT disease. (A)
Representative flow dot plots illustrate the percentage of Ly6CNi cells in the spleen, DLN,
and CNS of WT and CCR4™/~ mice. Data are derived from a forward versus side scatter and
CD45*CD11b* gate. (B) Representative flow dot plots display the percentage of
CD11b*Ly6CNTNF* cells in the periphery and spinal cord of WT and CCR4~/~ mice. Data
derived from a forward versus side scatter and CD45*CD11b*Ly6C" gate. (C)
Quantification of the mean percentage (xSD) (D) and mean number (£SD) of
CD11b*Ly6CNTNF* cells in the periphery and spinal cord of WT and CCR4~/~ mice. The
data are representative of two similar experiments, n=3 mice/group. *, p<0.05
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