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Abstract
Macrophage colony-stimulating factor (M-CSF) is a critical cytokine in the development of
monocytic lineage and may have immunoregulatory properties. Here we show that peritoneal antigen
presenting cells (APCs) treated with M-CSF produced decreased levels of proinflammatory cytokines
IFN-γ, TNF-α and IL-12. These APCs treated with M-CSF + autoantigen peptide significantly
suppressed antigen-specific T cell proliferation, induced regulatory CD4+ and CD8+ T cells in
vitro and in vivo, and significantly suppressed experimental autoimmune encephalomyelitis (EAE).
Thus, in vitro treatment of APCs with M-CSF + autoantigen can be a novel therapeutic option for
autoimmune diseases.
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1. INTRODUCTION
Antigen-presenting cells (APCs) play a pivotal role in the induction and expansion of antigen-
specific T-cell responses (Lee et al., 2007; Saalmüller A. 2006). Professional APCs can either
promote or suppress immune responses depending on their stage of maturation or level of
activation (Lee et al., 2007; Saalmüller, 2006). In mice, APCs that produce large quantities of
IL-12 and IFN-γ induce Th1 responses; APCs that produce low amounts of IL-12 but a high
level of MCP-1 preferentially induce Th2 responses, whereas APCs that produce a low level
of IL-12 but a high level of IL-10 induce regulatory T cell (Tr) responses (de Jong et al.,
2005). In addition, our laboratory found that APCs of IL-12Rβ1−/− mice, which lack both IL-12
and IL-23 signaling, exhibit bias toward inducing Th2 response (Zhang et al., 2003). Dendritic
cells (DCs) and macrophages are the two most important types of professional APCs, with
similar functions and profiles of secreted cytokines (Lee et al., 2007; Saalmüller, 2006; Unanue,
1984). However, it has been found that, upon similar stimulation, such as with LPS + IFN-γ,

Corresponding author: Dr. A. M. Rostami, Department of Neurology, Thomas Jefferson University, 200 JHN Building, 900 Walnut
Street, Philadelphia, PA 19107. Tel. 215-955 8100, Fax: 215-503 5848, a.m.rostami@jefferson.edu.
*Current Address: Department of Neurology, Shanghai Changhai Hospital, Second Military Medical University, Shanghai 200433, P.R.
of China
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Neuroimmunol. Author manuscript; available in PMC 2009 September 14.

Published in final edited form as:
J Neuroimmunol. 2007 December ; 192(1-2): 68–78. doi:10.1016/j.jneuroim.2007.09.021.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DCs produced a high level of IL-12 but low level of IL-10, while macrophages produced high
level of IL-10 but low level of IL-12 (Smith et al., 1998). This indicates that macrophages
might have a natural propensity for producing regulatory cytokines, making them potentially
a good candidate for generation of APCs with tolerogenic function.

Function of APCs can be modified by cytokine treatment (Kosiewicz et al., 1997; Steinbrink
et al., 1997; Wilbanks et al, 1992). For example, in anterior chamber-associated immune
deviation (ACAID), intraocular injection of antigen induces systemic and antigen-specific
tolerance. Streilein and colleagues have suggested that in this model macrophages, under the
influence of TGF-β produced in the ocular environment, acquire tolerogenic phenotype
(Wilbanks et al., 1992; Hara et al., 1993). Adherent peritoneal exudate cells (PEC, primarily
MΦ) cultured with antigen and TGF-β in vitro induced immunosuppression in vivo upon
adoptive transfer (Wilbanks et al., 1992; Hara et al., 1992). Given the direct APC-T cell
interaction, APCs that can induce antigen-specific tolerance could be an effective and specific
means of targeting autoreactive T cells and thus treating autoimmune diseases.

Macrophage colony-stimulating factor (M-CSF) was first identified as a stimulus of monocyte
maturation and function (Yanai et al., 1990). Subsequent investigations revealed that M-CSF
has a variety of functions such as inhibiting production of proinflammatory cytokines (Kojima
et al., 1996; Nishina et al., 2004), and M-CSF levels dramatically increase in
immunosuppressive conditions (Bartocci et al., 1986; Ikeno et al., 1996; Saito et al., 1992). M-
CSF-stimulated macrophages produce a large amount of IL-10, but a minimal level of IL-12
(Smith et al., 1998). Recently, Li et al. demonstrated an unrecognized role of M-CSF in driving
monocyte differentiation into IL-10highIL-12null DCs with tolerogenic potential (Li et al.,
2005). Taken together, these results suggest that M-CSF has the potential to induce tolerogenic
phenotype in APC.

In this report, we investigate the effect of M-CSF-treated peritoneal APCs, encompassing
>95% macrophages, on experimental autoimmune encephalomyelitis (EAE), an animal model
of the human disease multiple sclerosis (MS). We found that APCs treated with M-CSF
produced low levels of proinflammatory cytokines. These APCs pulsed with autoantigen
peptide significantly suppressed antigen-specific T cell proliferation, induced regulatory
CD4+ and CD8+ T cells in vitro and in vivo, and significantly suppressed EAE. These studies
indicate that APCs treated with autoantigen and M-CSF in vitro could be a novel therapeutic
modality for autoimmune diseases.

2. MATERIALS AND METHODS
2.1. APC preparation

Female, 8-week-old, C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). PECs were generated by intraperitoneal injection of 2 ml of 3% thioglycolate. Cells were
harvested 3 days later by peritoneal lavage (Wilbanks et al., 1992) and cultured 24 h in serum-
free medium (1×106 cells/ml). The cells were then collected and treated with DNAse, washed
two times, and resuspended in HBSS or FACS staining buffer. The viability of cells was >97%
as determined by trypan blue. The purity was determined by flow cytometry using antibodies
to murine CD11b and CD11c (BD PharMingen, San Diego, CA). CD11b+CD11c− cells were
considered to be macrophages, whereas CD11b+CD11c+ were identified as DCs.

2.2. Profiling of APCs treated with M-CSF
For cytokine profile analysis of APCs after M-CSF treatment, 1 × 106 of PEC were cultured
with or without 10 ng/ml of M-CSF overnight and then stimulated with 100 ng/ml Escherichia
coli LPS (Sigma-Aldrich) for 24 h. Supernatants were then harvested and ELISA assays were
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performed for inflammatory cytokines IL-6, TNF-α, IFN-γ, IL-12p70 and immunoregulatory
cytokines IL-10, TGF-β, using paired mAbs according to the manufacturer’s recommendations
(PharMingen). Cells treated as described above were characterized by surface staining with
antibodies to MHC II (I-A/I-E), CD40, CD80, CD86, PD-L1 and PD-L2 after blocking Fc
receptors with anti-CD16/CD32, and subsequent analysis by flow cytometry. All data were
analyzed using CellQuest software (Beckson-Dickson).

2.3. Co-culture system for Tr differentiation and lymphocyte proliferation response
The co-culture system was set up with MOG-reactive T cells and MOG35–55 + M-CSF-treated
APCs. CD4+ and CD8+ T cells were purified from the spleen of naïve MOG35–55 TCR
transgenic mice (gift from Dr. V. Kuchroo, Harvard University) using anti-CD4- or anti-CD8-
coupled magnetic beads (Miltenyi Biotec). More than 95% of T cells in spleen of these mice
were CD4+ cells, the majority of which expressed transgenic TCR Vα3.2 (91.3%) and Vβ11
(93.8%) (Bettelli et al., 2003). In contrast, 3–5% of T cells in spleen of these mice are CD8+,
among which 20–30% express transgenic TCR (data not shown). Purity of CD4+ T cells,
CD8+ T cells and APCs was ≥95% for all, as determined by FACS. APCs were cultured for
24 h with M-CSF only at 10 ng/ml, MOG35–55 only at 10 μM, or MOG35–55 + M-CSF, as
previously described (Menges et al., 2002; Alard et al., 2004). Viability of the final APC
population used for all experiments was >97% (data not shown). These MOG and/or M-CSF-
treated APCs were washed and mixed with purified CD4+ or CD8+ T cells at a ratio of 1:1 as
previously described (Zhang et al., 2003), and cultured at a final density of 2.0 × 106/ml in
RPMI 1640 supplemented with 10% FCS and 10 μg/ml of MOG35–55. To determine APC-
driven Tr differentiation, immunostaining for cell surface molecules and intracellular Foxp3
expression was carried out after 5 days of culture. Briefly, 1 × 106 cells/tube were incubated
with antibodies to surface molecules CD4, CD8, CD25, CD152 (CTLA-4) and CD122 after
blocking with Fc-block antibodies. Intracellular staining was performed for Foxp3 expression.
Cells that had been stained for surface markers were fixed and permeabilized using Cytofix/
Cytoperm system (BD bioscience). After permeablization, cells were intracellularly stained
with antibody against Foxp3 for 30 min in 4°C. Data were collected using FACSAria and
analyzed by FACSDiva software.

For proliferation, purified CD4+ cells from MOG-specific TCR transgenic mice were
cocultured with MOG35–55 and/or M-CSF-treated APCs for 3 days. MOG35–55 was added to
appropriate wells of all groups at a final concentration of 10 μg/ml, control antigen
OVA323–336 at 10 μg/ml, Con A at 5 μg/ml, or no antigen/mitogen was added. After 60 h of
incubation, cultures were pulsed for 12 h with 1 μCi of 3H-methylthymidine (42 Ci/mmol).
Cells were harvested on fiberglass filters, and thymidine incorporation was measured by
scintillation counter.

2.4. Treatment of EAE mice with APCs
To induce EAE, female, 8-week-old C57BL/6 mice were injected subcutaneously with 200
μg MOG35–55 in CFA containing 4 mg/ml Mycobacterium tuberculosis H37Ra (Difco, Detroit,
MI) at 2 sites on the back. Two hundred ng of pertussis toxin was given i.p. on days 0 and 2
post immunization (p.i.). For APC-based treatment of EAE, APCs were cultured with M-CSF
at 10 ng/ml, MOG35–55 only at 10 μM, or MOG35–55 + M-CSF for 24 h, washed, and injected
i.v. at 1× 106 cells/mouse in 200 μl of cell suspension. Choice of this cell number was based
on published work (Menges et al., 2002; Alard et al., 2004). APCs cultured in medium only
served as control. The final APC population used for all experiments was >95%
CD11b+CD11c− and viability was >97% (data not shown). In another series of experiments,
EAE mice were i.v. injected three times with APCs (1× 106 cells/mouse in 200 μl of cell
suspension) that had been subjected to different manipulations. To determine whether observed
phenomenon is antigen specific, APCs cultured with M-CSF (10 ng/ml) + OVA323–336 (10
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μM) were i.v. injected three times, and a group of EAE mice that received untreated APCs
served as control. EAE was scored according to a 0–5 scale as follows (Benson et al., 2000):
1, limp tail or waddling gait with tail tonicity; 2, waddling gait with limp tail (ataxia); 2.5,
ataxia with partial limb paralysis; 3, full paralysis of one limb; 3.5, full paralysis of one limb
with partial paralysis of second limb; 4, full paralysis of 2 limbs; 4.5, moribund; and 5, death.
Clinical EAE was scored daily in a blinded manner. All work was performed in accordance
with Thomas Jefferson University guidelines for animal use and care.

2.5. Adoptive transfer of CD4+ or CD8+ T cells derived from EAE mice treated with
manipulated APCs

To determine the cell types that are responsible to EAE suppression, CD4+ or CD8+ T cells
were purified by negative selection with MACS magnetic cell sorting from the spleen of EAE
mice that received MOG35–55 and M-CSF-treated APCs at week 5 p.i.. Purity was confirmed
by flow-cytometric analyses of cells immunostained with anti-CD8 and anti-CD4 antibodies
(both from BD PharMingen, San Diego, CA). CD4+ T cells, CD8+ T cells or CD4−CD8− cell
fractions (5×106) were injected i.v. into C57BL/6 mice 3 days before immunization for EAE.
Clinical symptoms were monitored every other day for 6 weeks p.i.

2.6. Histopathology
Six weeks p.i., spinal cords were harvested after extensive perfusion. Five-μm sections were
stained with H&E or Luxol fast blue (myelin stain). Slides were assessed in a blinded fashion
for inflammation and demyelination, as follows (Calida et al., 2001). For inflammation: 0,
none; 1, a few inflammatory cells; 2, organization of perivascular infiltrates; and 3, increasing
severity of perivascular cuffing with extension into the adjacent tissue. For demyelination: 0,
none; 1, rare foci; 2, a few areas of demyelination; 3, large (confluent) areas of demyelination.

2.7. Serum cytokine production by cytometric bead array
Sera from T cell transferred mice were harvested at week 6 p.i. Cytokine profile was detected
in these sera using the mouse Th1/Th2 cytokine CBA kit and inflammatory cytokine kit from
BD Biosciences (San Jose, CA). Fifty microliters of supernatant, 50 μl of capturing beads and
50 μl of Th1/Th2 PE detection reagent were combined and incubated for 2 h at room
temperature in the dark. Samples were washed, resuspended in approximately 200 μl of wash
buffer and analyzed by flow cytometry (FACSCalibur; Becton Dickinson, San Jose, CA).
Standard curves were generated for each cytokine using a mixed bead standard to quantify
cytokine concentrations in pg/ml. CBA kit for IL-17 measurement is not available, and
concentration of this cytokine was determined by an ELISA kit (PharMingen).

2.9. Statistics
Analysis of variance (ANOVA) was used for comparison of clinical score, proliferative
responses and cytokine profiles between different groups. Flow cytometry data were analyzed
using K-S statistics. All significance tests were two-sided.

3. RESULTS
3.1. Cytokine production by APCs treated with M-CSF

We first determined the purity of peritoneal APCs by flow cytometry and found that >95% of
these cells were CD11b+CD11c− and 1.8% were CD11c+ (Fig. 1A). After overnight culture
with 10 ng/ml of M-CSF followed by 100 ng/ml of LPS for 24 h, supernatants were assayed
for the production of proinflammatory cytokines IL-6, IL-12p70, TNF-α, IFN-γ and anti-
inflammatory cytokines IL-10 and TGF-β. M-CSF-treated APCs produced significantly lower
levels of TNF-α, IFN-γ, and IL-12p70 than APCs that were not treated with M-CSF (p<0.05–
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0.01, Fig. 1B). The production of IL-10, TGF-β and IL-6 was not significantly different
between APCs treated or not with M-CSF (Fig. 1B). No significant difference in expression
of MHC class II and co-stimulatory molecules between APCs treated or not with M-CSF was
found (data not shown

3.2. M-CSF + MOG treated APCs induce CD4+ Tr and CD8+ Tr cells
Since M-CSF-treated APCs produced lower levels of proinflammatory cytokines, we
hypothesized that these APCs may have a capacity to drive a Th2 or Tr differentiation of naïve
T cells. To test this possibility, we treated APCs with M-CSF and/or autoantigen MOG35–55,
and afterwards cocultured them with CD4+ T cells isolated from MOG-specific TCR transgenic
mice. M-CSF + MOG-treated APCs induced an increased number of cells with Tr phenotype
(CD4+CD25+Foxp3+) compared to other groups (Fig. 2A). No difference was found in
CTLA-4 expression among these groups (data not shown). We then investigated whether M-
CSF + MOG-treated APCs induced regulatory CD8+ T cells. Coculture of CD8+ T cells from
MOG specific TCR transgenic mice with M-CSF + MOG-treated APCs induced an increased
level of CD8+CD122+ T cells, a phenotype characteristic of CD8+ Tr cells (Endharti et al.,
2005; Rifa’i et al., 2007), whereas CD8+ T cells cultured with APCs stimulated with MOG or
M-CSF alone were preferentially CD122− (Fig. 2A).

We then determined cytokine levels in the co-culture supernatants. Co-culture of CD4+ or
CD8+ T cells from MOG specific TCR transgenic mice with M-CSF or with M-CSF + MOG-
treated APCs resulted in decrease production of proinflammatory cytokines IFN-γ, TNF-α, and
IL-17, while co-culture of CD4+ and CD8+ T cells with M-CSF + MOG-treated APCs induced
a significant increase in production of Tr cytokine IL-10 (Fig. 2B, C). Th2 cytokine IL-4 was
not detectable. These data demonstrate that M-CSF + MOG-treated APCs induced an increased
fraction of CD4+ and CD8+ T cells with Tr phenotype.

3.3. M-CSF + MOG treated APCs inhibited MOG-induced lymphocyte proliferation response
CD4+ cells from naïve MOG TCR transgenic mice co-cultured with M-CSF + MOG-treated
APCs show a significantly lower proliferative response than CD4+ cells cocultured with MOG-
or M-CSF-treated APCs or non-treated APCs (Fig. 3). These CD4+ cells proliferate in response
to mitogen Con A to a similar level, but not to negative control peptide OVA323–336
demonstrating that only proliferation induced by antigen-specific stimulation is affected by M-
CSF + MOG-treated APCs.

3.4. Suppression of EAE by M-CSF + MOG-treated APCs
To determine the in vivo immunoregulatory properties of APCs treated with M-CSF and/or
MOG35–55, these treated cells were i.v. injected (1 × 106 cells/mouse) into mice immunized
with MOG in CFA. EAE mice that received PBS only served as controls. We found that a
single injection of M-CSF + MOG-treated APCs given at day 8 after EAE induction
significantly ameliorated the early course of the disease (Fig. 4A). Three injections of M-CSF
+ MOG treated APCs (at 1, 8, 15 days p.i. after EAE induction) led to a profound inhibition
of clinical EAE over the observation period (Fig. 4B). Although all other groups of mice had
100% incidence and 10%~25% mortality (1/10 with untreated APCs, 2/11 with MOG-treated
APCs and 3/12 with M-CSF-treated APCs), mice that received M-CSF + MOG-treated APCs
had lower EAE incidence (6 of 12) and no mice died from the disease (0/12). Ninety percent
of mice that did not receive APC treatment had a severity score of >3.4; 80% of mice that
received M-CSF + MOG-treated APCs had a score of 1 or 0. In contrast, APCs cultured with
M-CSF + control antigen OVA failed to suppress EAE (Fig. 4C), demonstrating antigen-
specific nature of observed suppression. Thus, repetitive administration of M-CSF + MOG-
treated APCs represents an effective approach for EAE suppression.
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3.5. Transfer of EAE inhibition by CD4+ and CD8+ cells from mice that received M-CSF + MOG-
treated APCs

As M-CSF + MOG-treated APCs, but not APCs treated with MOG or M-CSF alone, could
suppress EAE in vivo (Fig. 4) and induce CD4+ and CD8+ Tr cells in vitro (Fig. 3), we focused
on the question whether suppression of EAE in mice that received M-CSF + MOG-treated
APCs is through the in vivo induction of Tr cells. Splenic CD4+ and CD8+ T cells from mice
that were adoptively transferred with M-CSF + MOG treated APCs, and subsequently exhibited
a peak EAE score of 0 or 1 (at week 5 p.i.), were purified and transferred to a recipients (5 ×
106 cells/mouse) 3 days before EAE induction. EAE mice that received no cells served as
control. As shown in Fig. 5, control mice developed typical EAE, while transfer of CD4+ or
CD8+ cells from mice that received M-CSF + MOG-treated APCs resulted in accelerated
recovery from clinical EAE. This phenomenon of facilitated recovery was more pronounced
in mice transferred with CD4+ T cells than with CD8+ T cells (P<0.01). In contrast, mice that
received splenic cells depleted of CD4+ and CD8+ cells (CD4−CD8− cell fraction) exhibited
disease severity similar to non-treated EAE control mice, suggesting that Tr cells mediate EAE
suppression induced by M-CSF + MOG treated APCs.

Consistent with the clinical findings, histological examination of CNS tissues revealed a
dramatic difference between CD4+ or CD8+ cell-treated mice and CD4−CD8− cell- or non-
treated mice. In CD4−CD8− cell-treated or non-treated mice, multiple inflammatory foci were
observed in the white matter of the spinal cord and infiltration scores were 2.65 ± 0.5, 2.87 ±
0.4, with extensive demyelination (Fig. 6A). By contrast, few inflammatory cells and little or
no demyelination were detected in CD4+ or CD8+ T cell-treated groups (Fig. 6A). The
differences between non-treated EAE mice and mice treated with CD4+ or CD8+ Tr cells were
statistically significant (all P<0.01; Fig. 6B).

3.6. Measurement of T cell proliferative responses
We further studied ex vivo proliferative response of splenocytes from T-cell transferred mice
to MOG35–55, control antigen OVA, and mitogen Con A. Cells cultured without antigen/
mitogen served as a background control. Low proliferative responses were observed in all
groups without antigen stimulation or with control antigen OVA. Splenocytes from mice that
received either purified CD4+ T cells or CD8+ T cells exhibited significantly lower MOG-
induced proliferative responses compared to mice that received non-CD4, non-CD8 fraction
or to mice that received no cells (P<0.01; Fig. 7). In contrast, splenocytes from all groups of
mice proliferated vigorously in response to Con A (Fig. 7). These data demonstrate that
adoptive transfer of CD4+ T cells or CD8+ T cells induced antigen-specific, but not general
suppression of T cell proliferative responses.

3.7. Cytokine levels in the sera of mice transferred with T cells
To study the in vivo cytokine profile in mice transferred with CD4+, CD8+ and non CD4/CD8
fractions, sera from these mice were studied at week 6 p.i. As shown in Fig. 8, the production
of inflammatory cytokines TNF-α, IFN-γ, IL-2, IL-6 and IL-17 in CD4+ and CD8+ cell-injected
mice decreased 2–5 fold compared to the CD4−CD8− cell-injected mice or the PBS-injected
EAE control group (P<0.05–0.01), while the production of IL-10 increased dramatically
(P<0.01). No significant difference was found in MCP-1 production among the groups. IL-4,
IL-5 and IL-12p70 were below detectable levels in all groups.

4. DISCUSSION
In the present study we found that APCs stimulated with M-CSF + MOG35–55 peptide exhibit
a tolerogenic phenotype, and exhibit a capacity to induce regulatory T cells in vitro and in
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vivo. We propose that APCs treated in vitro by M-CSF + autoantigen can have therapeutic
potential in inflammatory autoimmune diseases.

APCs play an important role in initiating and directing T-cells towards immunity or tolerance
(Raimondi et al., 2006; Lee et al., 2007). Indeed, APCs provide T cells not only with an antigen-
specific stimulatory signal (ligation of TCR) and a series of costimulatory signals, but also
produce cytokines that polarize T cells toward different lineages (Th1, Th2, Th17, Tr) (de Jong
et al., 2005; Kapsenberg and Kalinski, 1999). Our results show that M-CSF + MOG-treated
APCs produce a low level of proinflammatory cytokines IFN-γ, TNF-α and IL-12, indicating
a tolerogenic APC phenotype. Functionally, these APCs possess a potent capacity to polarize
naïve CD4+ and CD8+ T cells into Tr cells, demonstrated by decreased production of IFN-γ,
TNF-α, IL-17, and increased IL-10 production. A high level of IL-10 but undetectable IL-4
production supported a Tr but not Th2 type differentiation (de Jong et al., 2005). More
importantly, clinical EAE was effectively suppressed by injection of M-CSF + MOG-treated
APCs. EAE inhibition could be transferred by both CD4+ and CD8+ T cells derived from mice
that received M-CSF + MOG-treated APCs. These adoptively transferred mice showed
significant increase in IL-10 production and decrease in the production of proinflammatory
cytokines (Fig. 8), confirming the APC-driven Tr functions of transferred T cells. Significant
suppression of proliferative responses was exhibited only to autoantigen MOG, but not to
control antigen OVA or mitogen Con A, indicating that the immunoregulation induced in
vivo by these APCs does not interfere with global immune response.

Although CD4+CD25+ Tr cells are primarily generated in the thymus, these cells can also
originate from peripheral CD4+CD25− cells (Liang et al., 2005). The involvement of
CD4+CD25+ cells in the suppression of EAE has been documented by in vivo and in vitro
studies. In particular, depletion of CD4+CD25+ T cells using anti-CD25 antibodies enhances
EAE, and results in the development of EAE in an otherwise resistant mouse strain (Reddy et
al., 2004; Zhang et al., 2004). This effect is IL-10-dependent (Zhang et al., 2004). The forkhead/
winged helix transcription factor Foxp3 is thought to program the development and function
of CD4+CD25+ Tr cells and so far is the most unambiguous marker available to identify
naturally occurring Tr cells (Shevach et al., 2006; Zheng et al., 2007). CTLA-4, a co-
stimulatory molecule on CD4+ T cells, is also important in the development and function of
Tr cells (Tuves et al., 2007). On the other hand, regulatory CD8 T cells can be identified as
CD122+ (Endharti et al., 2005; Rifa’i et al., 2004). Our data show that M-CSF + MOG-treated
APCs induced increased levels of both CD4+CD25+Foxp3+ and CD8+CD122+ MOG-specific
T cells, while CTLA-4 expression was unchanged, indicating the capacity of these APCs to
induce CD4 and CD8 Tr cells and the possible involvement of the Foxp3 pathway in induction
of CD4+ Tr cells.

Costimulatory signals play an essential role in the activation/differentiation of the immune
system (Larson et al., 2006). Overexpression of costimulatory molecules on APCs could
activate self-reactive T cells, resulting in autoimmunity (Mitrasinovic et al., 2001). On the other
hand, regulatory costimulation signals, such as PD-L1 and PD-L2 on APCs may be required
for the generation of IL-10-producing regulatory T cells in response to tolerogenic APCs
(Brown et al., 2003; Keir et al., 2007). Although in the present study we show an
immunosuppressive cytokine profile of APCs treated with M-CSF and/or autoantigen, the
expression of MHC class II and B7 family members CD80, CD86, PD-L1 and PD-L2 was not
changed due to the treatment with M-CSF, MOG, or M-CSF + MOG. How M-CSF affects the
expression of PD-L1 and PD-L2 on APCs has not yet been reported. Together, our data suggest
that the induction of tolerogenic APCs by M-CSF may not be via the regulation of co-
stimulatory molecules.
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M-CSF is a growth factor for monocyte lineage (Yanai et al., 1990). Recently, an
immunoregulatory property of this cytokine has also been suggested. M-CSF is constitutively
present in human serum and is greatly elevated in immune suppressive conditions (Bartocci et
al, 1986; Ikeno et al., 1996), probably playing a role in maintaining maternal tolerance toward
embryos (Piccinni et al., 1997). M-CSF not only has the ability to drive monocyte
differentiation into DCs with tolerogenic potential (Li et al., 2005), but also inhibits DC
differentiation from CD34+ progenitors by downregulation of CD1a and upregulation of CD14
expression (Menetrier-Caux et al., 1998). Furthermore, M-CSF induces macrophages to
constitutively produce low levels of IL-10 and high levels after activation (Smith et al.,
1998). Although, in our study APCs treated with M-CSF alone produced fewer
proinflammatory cytokines compared to non-treated cells, this effect may not be biologically
important. Instead, APCs treated with M-CSF + autoantigen exhibited a more profound
tolerogenic APC phenotype, and effectively suppressed autoimmune responses in vitro and in
vivo, indicating that treatment with M-CSF alone is not an effective approach in preventing
EAE.

The requirement for myelin antigen in inducing tolerogenic APCs has been previously
addressed. DCs stimulated with antigen suppressed EAE in an antigen-specific manner (Huang
et al., 2000; Xiao et al., 2001). However, APCs stimulated in vitro with autoantigen alone can
also enhance autoimmunity when adoptively transferred into animals (Dittel et al., 1999). Use
of APCs exposed to an immunoregulatory cytokine and autoantigen can mitigate the risk of
enhancing autoimmunity, while leading to disease suppression. MOG-induced EAE was
effectively prevented by repetitive administration of TNF-α-treated, MOG-pulsed bone
marrow-derived dendritic cells, due to their ability to induce an IL-10-producing CD4+ Tr cell
that presumably suppressed disease (Menges et al., 2002). Recently, it has been observed that
MBP-pulsed, TGF-β-treated APCs halt the progression of EAE induced with MBP, and that
they do so via their induction of CD8+ Tr cells (Faunce et al., 2004). Our work extends these
observations by showing that APCs treated with M-CSF + autoantigen, but not M-CSF or
autoantigen alone, effectively suppressed clinical EAE. These APCs possess the capacity to
induce CD4+ and CD8+ regulatory T cells in vitro and in vivo. Further, APCs pulsed with M-
CSF and control antigen OVA failed to protect mice from EAE (Fig. 4C), indicating that the
immunoregulatory effect of these tolerogenic APCs is not due to bystander suppression.

In summary, in this report we show that experimentally generated tolerogenic APCs induced
regulatory CD4+ and CD8+ T cells that effectively suppressed autoimmunity. Although
treatment conditions such as cell dose and regimen of injections would need to be optimized
for future clinical use, our results suggest that in vitro-manipulated APCs could potentially be
used as a cell-based therapy to halt the progression of autoimmune diseases.
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Fig. 1. Purity of APCs and cytokine profile after M-CSF treatment
Peritoneal APCs were prepared as described in Materials and Methods. (A) Purity was
determined by flow cytometry and >95% of these cells were CD11b+CD11c−. CD11c+ DCs
constituted less than <2% of all cells. (B) Cytokine levels in supernatants of APCs treated with
M-CSF. These cells were cultured with 10 ng/ml of M-CSF overnight and then stimulated with
100 ng/ml Escherichia coli LPS (Sigma-Aldrich) for 24 h. Cells cultured in the absence of M-
CSF (non-treated APCs) served as control. After 24 hrs culture, supernatants were harvested
and cytokine production was assayed by ELISA. P values refer to the comparisons between
M-CSF-treated and non-treated groups. *, p< 0.05; **, p < 0.01. One representative of 3
experiments is shown.
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Fig. 2. M-CSF + MOG-treated APCs induce CD4+ Tr and CD8+ Tr in vitro
CD4+ and CD8+ T cells were purified from spleen of MOG-specific TCR transgenic mice
(C57BL/6 background). APCs were prepared from peritoneal cavity of syngenic C57BL/6
mice and cultured with M-CSF only, MOG35–55 only, and M-CSF + MOG35–55 for 24 hrs.
Cells cultured in the absence of both M-CSF and MOG35–55 (non-treated APCs) served as
control. These APCs were co-cultured with purified CD4+ and CD8+ at a 1:1 ratio for 5 days
(n =5 in each group) in the presence of MOG35–55. After 3 days, cells were harvested and
stained with anti-CD4, CD8, CD25, CD122 and Foxp3, and assayed by flow cytometry (A).
Cytokine secretion in coculture supernatants of CD4+ (B) and CD8+ (C) T cells with treated
and non-treated APCs after MOG35–55 stimulation. Columns refer to mean values, and bars to
SD. P values refer to comparison between M-CSF + MOG-treated group and other groups. *,
P<0.05; ** P<0.01. Data are representative of two repeated experiments.
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Fig. 3. M-CSF + MOG-treated APCs induce lower levels of T cell proliferative response
Purified CD4+ T cells of MOG-specific TCR transgenic mice cocultured with M-CSF and/or
MOG-treated APCs at a 1:1 ratio for 5 days (n =5 in each group) were cultured with
MOG35–55 at 10 μg/ml, OVA323–336 at 10 μg/ml, Con A at 5 μg/ml, or without antigen/mitogen.
APCs cultured in the absence of both M-CSF and MOG35–55 (non-treated APCs) served as
control. Proliferation was detected by incorporation of 3H-methylthymidine. Columns refer to
mean values, and bars to SD. P values refer to comparison between M-CSF + MOG-treated
group and other groups. ** P<0.01. Data are representative of two experiments.
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Fig. 4. EAE suppression after APC treatments
EAE was induced by MOG35–55 and CFA. (A) Seven days p.i., each mouse was given via tail
vein 1 × 106 APC cells after different manipulations as described in Materials and Methods.
APCs cultured in the absence of both M-CSF and MOG35–55 (non-treated APCs) served as
control. The final APC population used for all experiments was >95% CD11b+CD11c− and
viability was >97%. EAE was scored according to a 0–5 scale. (B) In another series of
experiment, EAE mice were i.v. injected three times with differently manipulated APCs. (C)
OVA + M-CSF-treated APCs could not protect from EAE. As a peptide specificity control,
three injections of OVA323–336 + M-CSF-pulsed APCs were given i.v. as described in (B) and
a group of EAE mice received non-treated APCs. Data are shown as mean clinical scores ±
SD (n = 10–12 per group). P values refer to the comparison between mice that received M-
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CSF + MOG-treated APCs with mice that received other types of APCs. * P<0.05; **, P<0.01.
One representative of 2 experiments is shown. Arrows represent the time of APC injections.
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Fig. 5. Transfer of EAE suppression by CD4+ or CD8+ T cells of APC-treated mice
CD4+ or CD8+ T cells were purified from spleen of EAE mice that received M-CSF + MOG-
treated APCs at week 5 p.i. CD4+ or CD8+ T cells, or CD4−CD8− (non-T cell) cell fractions
(5×106) were injected i.v. into B6 mice at day -3 p.i. Clinical symptoms were monitored every
other day up to 6 weeks p.i. A line chart represents mean EAE clinical scores over time among
groups of mice that were given CD4+, CD8+, or CD4−CD8− cells, or no cells (n =10–13 per
group). P values refer to the comparison between mice that received CD4+ or CD8+ T cells
and mice that received no cells. * P<0.05; **, P<0.01. One representative of two experiments
is shown.
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Fig. 6. Histopathology of the spinal cord
Mice that received CD4+, CD8+, or CD4−CD8− cells of APC-treated mice were sacrificed at
week 6 p.i. (n =5 in each group). Spinal cords were harvested after extensive perfusion, and 5-
μm sections were stained with H&E (for inflammation) and Luxol fast blue (for demyelination)
(A). Original magnification, × 40. The mean values ± SD (n =5 in each group) are shown in
(B). P values refer to comparison between CD4+, CD8+, or CD4−CD8− cell-treated groups and
non-treated EAE control. ** P<0.01. One representative of three experiments is shown.
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Fig. 7. MOG35–55-induced proliferative responses
4 × 105 spleen cells from CD4+, CD8+, CD4−CD8− cell-treated mice and PBS-injected EAE
control mice (n =5 in each group) at week 6 p.i. were cultured with MOG35–55 (10 μg/ml),
OVA323–336 (10 μg/ml), Con A (5 μg/ml), or without antigen/mitogen. Proliferation was
determined by incorporation of 3H-methylthymidine. Columns indicate mean values, and bars
SD. P values refer to comparison between CD4+, CD8+, or CD4 −CD8 − cell-treated groups
and non-treated EAE control. ** P<0.01. Data are representative of two repeated experiments.
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Fig. 8. Cytokine profile in the serum of mice treated with different T cell fractions
To determine the in vivo cytokine profile of mice treated with different T cell fractions, sera
were collected from CD4+, CD8+, CD4−CD8− cell-treated mice and PBS-injected EAE control
mice at week 6 p.i. Cytokine production was measured using a Th1/Th2 kit and a
proinflammatory cytokine kit by flow cytometry while IL-17 level was determined by ELISA.
Columns indicate mean values, and bars SD (n =5 in each group). P values refer to comparison
between CD4+, CD8+, or CD4−CD8− cell-treated groups and non-treated EAE control.
*P<0.05, ** P<0.01. Data are representative of two experiments.
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